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The studies in this thesis are aimed at investigating whether and how the developmental 
course of ADHD is reflected in brain correlates. In this general introduction, I will start with describing the clinical aspects of ADHD. Subsequently, I will discuss the state of the art of magnetic resonance imaging research in ADHD. Thereafter, I will guide you 
through an influential neurobiological model of remission versus persistence of ADHD as proposed by Halperin & Schulz (2006). Finally, I present the aims of this thesis and outline each chapter.
ADHD 
Attention Deficit/Hyperactivity Disorder (ADHD) is one of the most common childhood psychiatric disorders, affecting about 5% of all school age children worldwide (G. Polanczyk, de Lima, Horta, Biederman, & Rohde, 2007; G. V. Polanczyk, Willcutt, Salum, Kieling, & Rohde, 2014). ADHD is characterized by age-inappropriate levels of impulsive, hyperactive and inattentive behaviors (American Psychiatric Association., 
2000, 2013). Under hyperactive behaviors we understand fidgeting, restlessness, 
and excessive talking; these difficulties are often combined with impulsivity which 
encompasses interrupting others, blurting out answers, and difficulty awaiting turn. 
Inattentive behaviors encompass distractibility, forgetfulness, and difficulty sustaining attention. The etiology of ADHD involves a complex interaction of genetic, epigenetic and environmental factors (S. V. Faraone & Mick, 2010; Stephen V. Faraone et al., 2015). The impulsive behaviors of children with ADHD in particular place them at manifold increased risk for adverse consequences: they are at a 5-fold increased risk for comorbid oppositional and antisocial behavior disorders, and a 3-fold increased risk for all forms of substance use (smoking, use of marihuana, and other substances) and behavioral addictions (gambling) from early adolescence onward, in addition, they showed an earlier onset of substance misuse (Biederman et al., 1997; Groenman et al., 2013). These impulsive behaviors subsequently increase their risk of social and economic disadvantage, unemployment, being divorced, and having criminal records at adult age (Biederman & Faraone, 2006; Lichtenstein et al., 2012; Mannuzza, Klein, & Moulton, 2008). Finally, individuals with ADHD have increased mortality rates, which are mainly driven by an increased proneness for accidents (Dalsgaard, Ostergaard, Leckman, Mortensen, & Pedersen, 2015).
DiagnosisThe diagnosis of ADHD is based on the presence and severity of behavioral symptoms and functional impairment in daily life. Currently, symptoms and impairments are reported by informants and/or patients themselves, and assessed using a 
standardized classification manual for mental disorders. The commonly used manual 
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is the Diagnostic and Statistical Manual of Mental Disorders (DSM) (American Psychiatric Association., 2000, 2013). A diagnosis of ADHD is given when strict 
requirements are fulfilled before the age of 12 (Box 1), these requirements include the presence of 6 out of 9 hyperactive/impulsive and/or inattentive symptoms for at least 6 months. When older than 17 years old, this threshold is lowered to 5 out of 9 symptoms. Three presentations are distinguished: the predominantly hyperactive/impulsive presentation, the predominantly inattentive presentation, and the combined presentation. 
BOX 1
A. Either (1) or (2):
(1) Six or more symptoms of inattention for children up to age 16, or five or more for 
adolescents 17 and older and adults; symptoms of inattention have been present 
for at least 6 months, and they are inappropriate for developmental level:
Inattention
a. Often fails to give close attention to details or makes careless mistakes in 
schoolwork, at work, or with other activities.
b. Often has trouble holding attention on tasks or play activities.
c. Often does not seem to listen when spoken to directly.
d. Often does not follow through on instructions and fails to finish schoolwork, 
chores, or duties in the workplace (e.g., loses focus, side-tracked).
e. Often has trouble organizing tasks and activities.
f. Often avoids, dislikes, or is reluctant to do tasks that require mental effort over a 
long period of time (such as schoolwork or homework).
g. Often loses things necessary for tasks and activities (e.g. school materials, pencils, 
books, tools, wallets, keys, paperwork, eyeglasses, mobile telephones).
h. Is often easily distracted.
i. Is often forgetful in daily activities.
(2) Six or more symptoms of hyperactivity-impulsivity for children up to age 16, or 
five or more for adolescents 17 and older and adults; symptoms of hyperactivity-
impulsivity have been present for at least 6 months to an extent that is disruptive 
and inappropriate for the person’s developmental level:
Hyperactivity
a. Often fidgets with or taps hands or feet, or squirms in seat.
b. Often leaves seat in situations when remaining seated is expected.
c. Often runs about or climbs in situations where it is not appropriate (adolescents or 
adults may be limited to feeling restless).
d. Often unable to play or take part in leisure activities quietly.
e. Is often “on the go” acting as if “driven by a motor”.
f. Often talks excessively.
11
I
In
tr
od
uc
tio
n
Impulsivity
g. Often blurts out an answer before a question has been completed.
h. Often has trouble waiting his/her turn.
i. Often interrupts or intrudes on others (e.g., butts into conversations or games).
In addition, the following conditions must be met:
B. Several inattentive or hyperactive-impulsive symptoms were present before age 
12 years.
C. Several symptoms are present in two or more setting, (e.g., at home, school or 
work; with friends or relatives; in other activities).
D. There is clear evidence that the symptoms interfere with, or reduce the quality of, 
social, school, or work functioning.
E. The symptoms do not happen only during the course of schizophrenia or 
another psychotic disorder. The symptoms are not better explained by another 
mental disorder (e.g. Mood Disorder, Anxiety Disorder, Dissociative Disorder, or a 
Personality Disorder).
Three presentations of ADHD:
- Combined Type if enough symptoms of both criteria inattention and hyperactivity-
impulsivity were present for the past six months.
- Predominantly Inattentive Type: if enough symptoms of inattention, but not 
hyperactivity-impulsivity, were present for the past six months
- Predominantly Hyperactive/Impulsive Type: if enough symptoms of hyperactivity-
impulsivity but not inattention were present for the past six months.
Obstacles in current diagnostic methodsDiagnosis is based on behavioral symptoms and the report of these by reporters (e.g., 
parents and teachers). Although biological psychiatry is focused on finding quantitative biomarkers for psychiatric disorders, up till now, for ADHD none of them have been validated. Therefore, biomarkers cannot yet be used for purposes of diagnosis and/or treatment planning, or as outcome measure. The aim of this thesis is to examine the utility of MRI markers for categorical and dimensional components of ADHD (see further below) and its course.   A second obstacle in the current clinical practice is that ADHD is foremost conceptualized as a categorical disorder, i.e., the patient has a disorder or has no disorder and is therefore categorized as healthy (American Psychiatric Association., 2000, 2013). However, recently more research has been published providing evidence for dimensionality in psychopathology (D. Coghill & Sonuga-Barke, 2012). A disorder is then viewed as an extreme (negative) score on a continuum of severity. Within the dimensional framework ADHD is characterized by dimensions (e.g., inattentive and hyperactive/impulsive behavior) that are also present in the general population. In research, dimensional approaches have several advantages over categorical diagnoses. Firstly, one is not obliged to set an arbitrary threshold to decide if someone 
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has a disorder or not, as the disorder is seen as an extreme on a continuum. During development disorders can wax and wane, which may induce changes above and below the clinical threshold, inducing a wrong perception of remission of the disorder. Finally, using categorical analysis methods, one is not optimally modeling the data and information stays unused inducing misleading results (MacCallum, Zhang, Preacher, & Rucker, 2002). In line with dimensionality in psychopathology, the National Institute of Health proposed the Research Domain Criteria (RDoC) (Insel et al., 2010). These criteria support the search for quantitative markers across a variety of domains that characterize pathophysiology and behavior. The criteria also emphasize dimensionality in clinical features across disorders and take a step away from strict diagnostic 
categories and symptoms related to specific disorders. One of the first studies applying 
the RDoC research strategies investigated ADHD using temperament profiles. They 
identified distinct types of ADHD that allowed for better clinical outcome prediction than the traditional clinical categories (Karalunas et al., 2014). 
BOX 2
Study design
In this thesis data was used from the IMAGE cohort and the two follow-ups, 
NeuroIMAGE and NeuroIMAGE 2.
IMAGE
Between 2003-2006, the International Multicenter ADHD Genetics (IMAGE) study 
(as described previously in Muller et al., 2011a; Muller et al., 2011b; Nijmeijer et al., 
2009; Rommelse et al., 2008) was conducted. Families with at least one child with 
the combined ADHD presentation and at least one biological sibling (regardless of 
ADHD diagnosis) were recruited through outpatient clinics. Control families with no 
formal or suspected ADHD diagnosis in any of the first-degree family members were 
recruited through primary and high schools in the same geographical regions as the 
participating ADHD families. Participants had to be between 5-19 years, of European 
Caucasian descent, have an IQ ≥ 70, and no diagnosis of autism, epilepsy, general 
learning difficulties, brain disorders and known genetic disorders (such as Fragile X 
syndrome or Down syndrome). A comprehensive assessment protocol was conducted 
encompassing behavioural questionnaires, a diagnostic interview, collection of genetic 
information, and several neurocognitive measures from all family members.
NeuroIMAGE
Between 2009-2012, the Dutch IMAGE cohort was invited for follow-up (von Rhein 
et al., 2014). The assessment protocol was similar to IMAGE, and enriched with an 
extensive MRI scanning protocol in all participating children. Anatomical T1 scans, 
diffusion tensor imaging, resting state fMRI and task-related fMRI scans were 
conducted. From participants whose genotypic information was missing during 
IMAGE, saliva was collected for DNA analysis. 
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NeuroIMAGE 2
Between 2013-2015, a part of the Dutch IMAGE cohort was again invited for follow-up. 
The assessment protocol was similar to NeuroIMAGE. Follow-up data on behavioural 
questionnaires, diagnostic interview, several neurocognitive measures, and MRI were 
collected. Furthermore, we collected a broad set of biomarkers, including DNA for 
epigenetic analyses and a sample of the microbiome.
IMAGE 
•2004-2006 
•350 ADHD + 
150 control 
•11.5 years 
NeuroIMAGE 
•2009-2012 
•369 ADHD + 
150 control 
•16.5 years 
NeuroIMAGE II 
•2013-2015 
•290 ADHD + 
50 control 
•20 years 
Figure 1. Study design
Neuroimaging of ADHD
Brain morphologyBrain morphology studies have reported a reduction in total brain volume by 3-5% in ADHD compared to healthy controls (Castellanos et al., 2002; Greven et al., 2015; Valera, Faraone, Murray, & Seidman, 2007). In addition to the broad measure of total 
brain volume, more spatially specific measures of GM volume or shape can be applied using hypothesis-driven region of interest (ROI) approaches and more exploratory voxel- or vertex-based whole brain analyses. 
ROI and voxelwise GM volume
The estimation of the volume of an ROI is spatially more specific than the estimation of total brain volume. Generally, a similar procedure is followed during the estimation of total brain volume and ROI volumes. This procedure includes the selection of a 
specific region followed by the estimation of the mean volume across the whole 
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region. As such, a recent study of our NeuroIMAGE cohort (see Box 2 for more details 
on the study design) focused on the volume of subcortical ROIs and did not find any main differences between ADHD and control groups (Greven et al., 2015). However, 
caudate and putamen volumes were significantly related to age in healthy controls, but not in ADHD, indicating abnormal developmental trajectories of the volumes of these subcortical nuclei in ADHD. A disadvantage of volumetric ROI analyses is the reliance on a priori selected regions. Distinct studies select different regions based on their hypothesis, furthermore, these regions can be selected in distinct ways, e.g., manual or automatic segmentation methods. The multitude of possible ROIs and ROI selection methods has a large variation in results as a consequence, which makes the 
comparison of results between studies difficult. One approach to estimate grey matter volume in a hypothesis-free and voxelwise manner is Voxel-Based Morphometry (VBM) (Ashburner & Friston, 2000). VBM can be used to estimate the grey matter (GM) density for every voxel and is thus not limited to selected ROIs. Recently, VBM results in ADHD have been summarized using meta-analyses revealing reductions in the volume of the cerebellum, corpus callosum, subcortical regions (putamen, caudate), cingulate and frontal regions (Frodl & Skokauskas, 2012; Nakao, Radua, Rubia, & Mataix-Cols, 2011; Valera et al., 2007). Partly in line with these results, in our NeuroIMAGE cohort smaller GM volumes 
were found in five clusters, i.e., the precentral gyrus, medial and orbitofrontal cortex, and paracingulated and cingulated cortex (Bralten et al., 2015). Remarkably, in four clusters unaffected siblings of children with ADHD showed volumes intermediate 
between healthy controls and ADHD cases, they differed significantly of healthy 
controls, indicating familiarity of the findings.
Cortical thickness and areal expansionAn alternative technique to investigate GM morphology is estimating the thickness of the cortex. This estimation is based on a surface-based reconstruction of the cortical sheet, which also allows estimation of other features of cortical structure, e.g., surface area (Fischl & Dale, 2000). GM thickness is calculated by estimating the distance between the grey-white matter boundary and the grey-CSF boundary in a vertex-wise or ROI (areal) manner. Findings regarding cortical thickness in ADHD are broadly in 
line with volumetric voxelwise findings. In short, reduced cortical thickness across the whole brain has been reported in both adolescents and adults with ADHD (Makris 
et al., 2007; Shaw et al., 2006). More specifically, reductions in the (dorsolateral and orbitofrontal) frontal, cingulated, temporal, and parietal cortex have been reported (Almeida et al., 2010; Hoekzema et al., 2012; Makris et al., 2007; Proal et al., 2011). In our NeuroIMAGE cohort, results were partly in line with previous studies, revealing 
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decreased thickness in the medial temporal lobe in ADHD compared to healthy controls (Schweren et al., 2015). In addition, the link between ADHD remission and cortical thickness development has been investigated. One study reported normalization of the right parietal cortex to be associated with ADHD remission (Shaw et al., 2006). 
Furthermore, fixed thinning of the medial prefrontal cortex was characteristic for persistent ADHD (Proal et al., 2011; Shaw et al., 2006). These results indeed indicate a role for prefrontal cortical development in remission of ADHD. 
Brain connectivityTraditionally, brain mapping research has focused on localizing and segregating 
functions in the brain. Instead of attributing a specific function to one specific region, the 
field moved more towards functional segregation, which points to the specialization of 
a specific region for a specific function (Friston, 2011). However, localizing a function in the brain disregards the interaction between regions of the brain. Therefore, functional 
integration has gained attention recently, focusing on the interaction between distant cerebral regions that are or are not anatomically connected (Poldrack, 2012). In line with these developments, in this thesis we will focus on neural systems or circuits related to ADHD and ADHD remission.
Structural connectivity: white matterStructural connectivity refers to the axons or white matter (WM) tracts that connect cortical brain regions. WM and GM microstructure can be probed using diffusion tensor imaging (DTI) which estimates diffusion of water molecules. In short, in myelinated WM tracts diffusion is restricted along the direction of the tract, while in GM water molecules diffuse randomly in every direction. Three diffusion indices are mostly used when studying WM microstructure: fractional anisotropy (FA), mean diffusivity, and diffusion mode (MO). FA is broadly used as an index of WM integrity, quantifying anisotropy of diffusion, with higher FA values indicative of larger directed diffusion (Basser, Mattiello, & LeBihan, 1994). MD measures the overall magnitude of diffusion with higher values indicating stronger diffusion. MO is mathematically 
orthogonal to FA and ranges from planar (e.g., in regions with crossing fibers) to linear 
(when one fiber direction dominates). These DTI indices are markers of the quality of WM microstructure. Both ROI and whole-brain approaches have been reported in ADHD research, revealing high variability in abnormalities across the brain. This high variability might be attributable to different analysis techniques, statistical thresholding, and small sample sizes. A recent meta-analysis reported most consistent results in the right anterior corona radiata, right forceps minor, bilateral internal capsule, and left cerebellum (van Ewijk, Heslenfeld, Zwiers, Buitelaar, & Oosterlaan, 2012). 
16
 Although, WM abnormalities in ADHD are frequently reported, few studies report on the relation between developmental changes in ADHD and WM. Only cross-
sectional MRI studies with longitudinal diagnostic data have been published. A first study reported no differences in WM microstructure between persistent and remittent ADHD (Cortese et al., 2013). This study had a large follow-up interval of 33 years, with participants having a mean age of 41 years old at follow-up. Another study reported less inattention to be associated with lower FA in tracts related to attentional control and cognitive-affective processing (Shaw et al., 2015). Furthermore, participants with remittent ADHD did not differ from healthy controls in these regions. However, Shaw et al. used a priori selected ROIs limiting the analysis to these regions. In this thesis, we aimed to advance our understanding of developmental changes in ADHD symptoms and its relation with WM microstructure during adolescence, a period in life during which ADHD presentation and brain structure are still developing. We therefore used data of a childhood sample followed into adolescence and investigated the WM microstructure across the brain. 
Functional connectivity: resting state fMRI 
Next to connectivity as reflected in WM microstructure, we can look at connectivity in GM, namely: functional connectivity. Functional connectivity can be assessed during functional activation tasks, or during rest, i.e., resting state functional connectivity. Here GM regions are part of the same network, or ‘connected’, when showing synchronous patterns of spontaneous activity during rest (Beckmann, DeLuca, Devlin, & Smith, 2005; Biswal, Yetkin, Haughton, & Hyde, 1995). These synchronous patterns are highly reproducible across different populations. Functional connectivity can both be analyzed using a hypothesis-driven ROI approach or a hypothesis-free whole brain 
approach. The first correlates the timecourse of a ROI or seed with the timecourse of all the other voxels in the brain. The hypothesis-free whole brain approach does not focus 
on a specific seed, but decomposes the data into independent components or networks by grouping voxels with associated timecourses, e.g., independent component analysis (ICA) (Kiviniemi, Kantola, Jauhiainen, Hyvarinen, & Tervonen, 2003). Although measured during rest, delineated resting state networks (RSNs) resemble task-related networks to a large extent (Smith et al., 2009). Thereby, one advantage of resting state fMRI over task-related fMRI is that all RSNs are assessed in one resting state dataset. Another advantage follows from the fact that no task is needed, which makes it an easy method to apply across age and clinical groups.  Traditionally, seed based analyses in ADHD were highly focused on the dorsal ACC, as task-based fMRI studies reported associations between dorsal ACC activation and ADHD-related behavior (Bush, Luu, & Posner, 2000). These studies revealed abnormal 
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connectivity with various regions including the cerebellar structures and the default mode network (DMN), a RSN related to self-referential processes (Bush, Valera, & Seidman, 2005; Oldehinkel, Francx, Beckmann, Buitelaar, & Mennes, 2013). Next to the DMN, many RSNs have been reported to be abnormal in ADHD (Castellanos & Proal, 2012; Posner, Park, & Wang, 2014). However, only one study investigated the link between resting state functional connectivity and the developmental changes linked to ADHD. This study reported normalization of resting state functional connectivity between the posterior cingulate and medial PFC regions in remittent ADHD (Mattfeld et al., 2014). In this thesis, we examine the course of ADHD in a large sample, using a 
data-driven ICA approach. I specifically test a leading model aimed at explaining ADHD persistence. 
Combining GM and WM modalitiesAs previously discussed, abnormalities in both WM and GM have been implicated in ADHD. Therefore, the integration of different imaging modalities into one overarching analysis gained interest in ADHD research and also in the larger psychiatric imaging community. Many studies combining imaging modalities resulted from the ADHD-200 competition (http://fcon_1000.projects.nitrc.org/indi/adhd200/). This is a large ADHD initiative which aggregated data from different research sites and made it 
openly available in order to accelerate research into automated classification of ADHD. The ADHD-200 dataset includes resting state fMRI, anatomical scans and typical phenotypic information. Initially, researchers had high expectations as to automated 
classification in psychiatry. However, even though interesting results followed, 
classification accuracy was too low (ranging between 37.44% and 60.51%) to be applicable in clinical practice (Consortium, 2012). 
 Next to combining multimodal data for classification purposes, one can also combine the data in order to identify co-occurring abnormalities across modalities. One study, also using the ADHD-200 data, revealed reduced segregation between DMN and task positive networks co-occurring with structural abnormalities in nodes of the task positive networks (Kessler, Angstadt, Welsh, & Sripada, 2014). Furthermore, also within-network connectivity was found to be both functionally and structurally abnormal in DMN, attention and visual networks. This study used joint ICA, which combines data from each modality into one single dataset for each subject (Calhoun et al., 2006). A limitation of this technique is the unawareness of the ICA model as to which voxel belongs to which modality. This can be problematic if distinct modalities show different spatial source histograms, different noise levels, and/or different amounts of voxels. An alternative method is parallel ICA, which applies separate ICA decompositions and subsequently matches corresponding components (Liu et al., 
18
2009). However, this method requires a selection of constraints that need to be tuned to ensure convergence. Furthermore, as ICA decompositions are run in a parallel fashion, no actual multimodal analysis takes place. In this thesis, we aim to integrate distinct structural MRI modalities with the goal to identify multimodal abnormalities related to ADHD pathology. Therefore, we use the Linked ICA algorithm, a method that links distinct modalities using a shared subject loading matrix (Groves, Beckmann, Smith, & Woolrich, 2011). The subject loading indicates then how typical a multimodal 
feature is for this specific subject. Each feature or component has a spatial map for each modality.
ADHD course: persistence versus remission
DSM-IV classified ADHD as a childhood disorder. However, adult ADHD has a population prevalence of 2-3% (Fayyad et al., 2007; Simon, Czobor, Balint, Meszaros, 
& Bitter, 2009), therefore, in DSM-5 the definition of ADHD has been adapted to a neurodevelopmental disorder (American Psychiatric Association., 2000, 2013). Generally, the course of ADHD is characterized by a decline in hyperactive/impulsive symptoms with aging. Inattentive symptoms, in contrast, start declining at an older age and decline to a lesser extent (Biederman, Mick, & Faraone, 2000). A meta-analysis 
reported that if persistence was defined as the maintenance of full diagnostic status, the rate of persistence by the age of 25 years was ~15% (S. V. Faraone, Biederman, & Mick, 2006; Stephen V. Faraone et al., 2015). However, when individuals were included 
that were consistent with the DSM-IV definition of ADHD in partial remission, the rate of persistence was much higher at ~65%. At this time, it remains unclear why some children show remission while others continue to present with full or partial symptoms of ADHD in adulthood (S. V. Faraone et al., 2006). Follow-up studies of clinical cohorts of participants diagnosed with ADHD have reported psychosocial and psychiatric factors to be associated with persistence of ADHD into adulthood. These include a family history of ADHD, psychosocial adversity, psychiatric co-morbidity and the number and severity of childhood symptoms (Biederman et al., 1996; Biederman et al., 2000; Langley et al., 2010; Mick et al., 2011). The ability of these factors to predict remission versus persistence at an individual level, however, is limited. As a consequence, the causal mechanisms underlying the association between these psychiatric predictors and the persistence/remission of ADHD remain unclear. Next to psychosocial and psychiatric factors, the predictive value of neurocognitive functioning has been investigated. ADHD has been associated with a wide range of cognitive impairments, including executive functioning, reward processing, language, motor control, reaction time variability, processing speed, timing, and temporal information processing (D. R. Coghill, Seth, & Matthews, 2014; Luman, Tripp, & Scheres, 2010; Willcutt, Doyle, 
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Nigg, Faraone, & Pennington, 2005). However, no consistent prove has been found that the degree of neurocognitive functioning is directly associated with remission or persistence of ADHD (Biederman et al., 2000; Fischer, Barkley, Smallish, & Fletcher, 2005; Mick et al., 2011). A recent review reported that both remittent and persistent ADHD show weak performance in cognitive functioning compared to controls and that cognitive functioning did not differentiate between remission and persistence of ADHD (van Lieshout, Luman, Buitelaar, Rommelse, & Oosterlaan, 2013). 
Developmental model of ADHD remissionA developmental hypothesis on the persistence versus the remittance of ADHD has been proposed (Halperin & Schulz, 2006). As ADHD is present early in life, the hypothesis suggests that ADHD pathology is related to brain regions susceptible to early brain insults. The authors propose a wide-range of non-cortical neural regions that might be implicated, including the cerebellum, brain stem, and subcortical 
regions. It is hypothesized that the non-cortical deficit remains relatively stable throughout the lifetime and is not associated with remission of symptoms that may occur in adolescence. Of note, this subcortical or cerebellar dysfunction is thus present 
in both remittent and persistent ADHD. Behaviorally, the dysfunction is reflected in impairments in more automatic functioning, e.g., variability in reaction times.  The hypothesis further addresses the underlying mechanisms of ADHD remission versus persistence. The degree of remission is suggested to be mediated by the functioning of brain regions that are developing during adolescence when also 
remission starts to occur. More specifically, the functioning of the prefrontal cortex and the fronto-striatal circuits are hypothesized to be implicated. Variation in the development of each person’s prefrontal cortex explains why only a proportion of children shows remission of ADHD in adulthood (Halperin & Schulz, 2006). Also other developmental models suggest a role of the prefrontal cortex in top-down control over subcortical regions (Casey, Jones, & Hare, 2008; Somerville & Casey, 2010). Behaviorally, 
the top-down prefrontal control is hypothesized to be reflected in executive control functioning. Halperin and Schulz investigated their proposed model, evaluating 98 subjects on a broad neuropsychological test battery 10 years after a childhood diagnosis of ADHD (Halperin, Trampush, Miller, Marks, & Newcorn, 2008). The results provide support for 
the proposed model, with persisters exhibiting significant impairment in measures of executive control (e.g. working memory) whereas remitters performed not differently from controls. The similar level of executive control functioning between healthy controls and remitters might indicate a prefrontal compensation mechanism. For 
measures reflecting subcortical arousal and activation (e.g. variability of reaction 
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time), both persisters and remitters were significantly impaired compared with the control group. However, this study lacked baseline cognitive data and MRI data.  Another study compared 38 probands with a childhood ADHD combined type diagnosis with healthy controls while performing a reaction time task (Clerkin et al., 2013). This study reported results in line with a subcortical dysfunction in ADHD, with probands showing less thalamo-cortical activation during response preparation and less cue-related connectivity between the thalamus and the brainstem than controls. Although no differences were found in prefrontal activation between remitters and persisters as hypothesized based on the model, fronto-thalamic functional connectivity was greater in remittent compared to persistent ADHD. In this thesis we 
specifically address the neurobiological model of Halperin & Schulz and investigate the link between ADHD remission/persistence and distinct brain measures. Therefore, we use longitudinal diagnostic information and cross-sectional (Chapter 1 and 2) or longitudinal (Chapter 3) MRI data.
Aims of this thesisThe overall aim of this thesis was to deepen our understanding of the biological mechanisms involved in the course of ADHD and in particular related to remission 
versus persistence over age. This thesis addresses three specific questions:1. Is ADHD remission related to functional and/or structural connectivity between frontal and subcortical areas? (Chapter 1 and 2)
2. How does ADHD develop over time? Is this change reflected in WM microstructure, 
or more specific, does remittent ADHD show normalization or compensation by changes in WM? (Chapter 3)3. Does the integration of multiple structural MRI modalities reveal new information concerning ADHD pathology? (Chapter 4)
Chapter 1 and 2 explore the Halperin & Schulz model of ADHD remission. The model 
is unique in its topic as no other models specifically address the issue of remission in ADHD. Unraveling the mechanisms underlying remission might teach us how one can compensate for ADHD symptoms. In this part, the interaction between cortical and subcortical structures is investigated using brain connectivity measures. In chapter 
1, I investigate the relation between WM microstructure and the developmental change in hyperactive/impulsive and inattention symptoms. In chapter 2, I report on the relation between resting state connectivity in a priori selected resting state networks and the developmental change in hyperactive/impulsive and inattention symptoms. For both chapters a dimensional approach investigating the continuum of hyperactive/impulsive and inattentive behaviors across participants is applied next to 
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more traditional categorical group comparisons between remittent ADHD, persistent ADHD, and healthy controls.
 Chapter 3 follows the NeuroIMAGE ADHD sample over a longer time period as data at a third time point has been collected, including another MRI scan. A large proportion of the participants are now young adults. I investigate how ADHD changes over time and whether the change in WM microstructure is related to the developmental change in ADHD symptoms. In addition, I explore whether the WM microstructure follows a different developmental trajectory in ADHD and healthy control groups. 
 Chapter 4 focuses on the integration of various structural MRI modalities in one analysis. While unimodal analyses yield interesting results, little has been know about the relation between different modalities within participants with ADHD. In chapter 
4, I used a new analysis method that allows the integration of MRI modalities covering 
both WM and GM in one analysis. I investigate whether ADHD pathology is reflected across modalities and how the multimodality is an addition to more traditional unimodal studies.
22
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CHAPTER 1
WHITE MATTER 
MICROSTRUCTURE 
AND DEVELOPMENTAL 
IMPROVEMENT 
OF HYPERACTIVE/
IMPULSIVE SYMPTOMS 
IN ADHD
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and developmental improvement of hyperactive/impulsive symptoms in attention-deficit/hyperactivity disorder. J Child Psychol Psychiatry, 56(12), 1289-1297. doi: 10.1111/jcpp.12379
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Abstract 
Background. A developmental improvement of symptoms in Attention-Deficit/Hyperactivity Disorder (ADHD) is frequently reported, but the underlying 
neurobiological substrate has not been identified. The aim of this study was to determine whether white matter microstructure is related to developmental improvement of ADHD symptoms.
Methods. A cross-sectional Magnetic Resonance Imaging (MRI) analysis was embedded in a prospective follow-up of an adolescent cohort of ADHD and control subjects (NeuroIMAGE). Mean age at baseline was 11.9 years, mean interval of follow-up was 5.9 years. 75.3% of the original cohort was retained successfully. Data of 101 participants with ADHD combined type at baseline and 40 healthy controls was analysed. ADHD symptoms were measured with semi-structured, investigator-based interviews and Conners’ questionnaires, on the basis of DSM-IV criteria. Fractional anisotropy (FA) and mean diffusivity (MD) indices of white matter microstructure were measured using whole brain diffusion tensor imaging at follow-up only. In a dimensional analysis FA and MD were related to change in ADHD symptoms. To link this analysis to DSM-IV diagnoses, a post-hoc categorical group analysis was conducted comparing participants with persistent (n=59) versus remittent (n=42) ADHD and controls. 
Results. Over time, participants with ADHD showed improvement mainly in hyperactive/impulsive symptoms. This improvement was associated with lower FA and higher MD values in the left corticospinal tract at follow-up. Findings of the dimensional and the categorical analysis strongly converged. Changes in inattentive symptoms over time were minimal and not related to white matter microstructure.
Conclusions. The corticospinal tract is important in the control of voluntary movements, suggesting the importance of the motor system in the persistence of hyperactive/impulsive symptoms. 
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Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a common neurodevelopmental disorder characterised by excessive levels of inattention and/or hyperactivity and impulsivity (American Psychiatric Association., 2000). Childhood onset ADHD persists 
into adulthood in 15%-65% of cases, depending on the definition of persistence (Barkley, Fischer, Smallish, & Fletcher, 2002; Biederman, Petty, Evans, Small, & Faraone, 2010; Faraone, Biederman, & Mick, 2006; Mannuzza, Klein, & Moulton, 2003). Hyperactive/impulsive symptoms are found to decline at a higher rate than inattentive symptoms (Biederman, Mick, & Faraone, 2000). Although various psychiatric factors have been associated with persistence of ADHD into adulthood (Biederman et al., 1996; Biederman et al., 2000; Mick et al., 2011), relatively little is known about associated biological mechanisms. A neurodevelopmental theory associates improvement of ADHD symptoms with the development of the prefrontal cortex and related top-down executive control (Halperin & Schulz, 2006). Within this theory, a non-cortical dysfunction is hypothesised to be static over time in all patients with a childhood ADHD diagnosis. Behavioural studies examining the relation between executive control functioning and remission of ADHD reported inconsistent results (Biederman et al., 2000; Fischer, Barkley, Smallish, & Fletcher, 2005; Halperin, Trampush, Miller, Marks, & Newcorn, 2008; Mick et al., 2011).  Few studies have examined the neurobiological underpinnings of remission of ADHD. A functional MRI study reported lower thalamo-cortical activation during response preparation for a cued reaction time task in adults with childhood ADHD 
(Clerkin et al., 2013). These findings suggested dysfunction of the thalamus in both remitters and persisters. Stronger functional integration of the thalamo-cortical network did parallel symptom recovery, supporting the neurodevelopmental theory. A structural brain imaging study reported that remission of symptoms was associated with normalisation of the developmental trajectory of cortical thickness, particularly in the right parietal cortex (Shaw et al., 2006). Persistent ADHD was characterised by 
a fixed thinning of the medial prefrontal cortex (Proal et al., 2011; Shaw et al., 2006), indicating a role of the prefrontal cortex in the improvement of ADHD symptoms.  In recent years, neural models of ADHD are shifting focus from the study of regional brain abnormalities to disturbed connectivity in networks (K. Konrad & Eickhoff, 2010). Structural connectivity and white matter (WM) abnormalities are key elements in these models. An established modality for investigating WM microstructure is diffusion tensor imaging (DTI (Basser, Mattiello, & LeBihan, 1994)). Two commonly used diffusion tensor derivative measures are mean diffusivity (MD), which measures the magnitude 
of diffusion and fractional anisotropy (FA), which quantifies the directionality of diffusion. Cross-sectional DTI studies in children and adults with ADHD have shown 
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inconsistent results. A recent meta-analysis of DTI studies in ADHD which dealt mainly with children, reported WM abnormalities in the anterior corona radiata, cerebellum, internal capsule and forceps minor (van Ewijk, Heslenfeld, Zwiers, Buitelaar, & Oosterlaan, 2012). DTI studies of adults with persistent ADHD revealed abnormal WM microstructure in the temporal, orbitomedial prefrontal lobe and right anterior cingulate bundle (Casey et al., 2007; A. Konrad et al., 2010; Makris et al., 2008). The only study to date that has investigated the role of WM structure in remission of ADHD reported lower FA values in several WM tracts in ADHD subjects compared to controls, but no differences in DTI measures between persisters and remitters (Cortese et al., 2013).  In the current study, we aimed to investigate whether developmental improvement of ADHD symptoms is linked to the microstructure of white matter (WM) tracts. To that end, a large childhood ADHD cohort was followed longitudinally over 6 years. The association between developmental improvement of ADHD symptoms over adolescence and WM microstructure at follow-up was examined in a dimensional analysis. This analysis was corroborated with a categorical analysis that compared remitters and persisters head-to-head while also using a healthy control group. In accordance with the neurodevelopmental model, we hypothesised that developmental improvement of ADHD symptoms would be related to the WM microstructure of the fronto-striatal circuitry involved in executive control. Furthermore, we expected WM microstructure 1) of participants with remittent ADHD to be similar to healthy controls, and 2) of participants with persistent ADHD to differ from WM of both remittent ADHD and healthy controls.
Methods and Materials
ParticipantsSubjects with ADHD combined type (ADHD-C) and healthy controls (HC) participated in the Dutch part of the International Multicenter ADHD Genetics study (Muller et al., 2011a, 2011b). In short, all children were Caucasian, between 6-18 years (M=11.9, 
SD=2.6) and with an IQ≥70. Exclusion criteria were a diagnosis of autism, epilepsy, brain, or genetic disorders. IQ was estimated based on the WISC or WAIS– III vocabulary and block design subtests at baseline and at follow-up. Extensive diagnostic, neurocognitive and genetic data were collected at the VU University Amsterdam and RadboudUMC in Nijmegen. All participants were invited for follow-up measurement with a mean follow-up period of 5.9 years (SD=0.6). At the second assessment a similar phenotypic protocol was followed and complemented with the acquisition of MRI brain scans.  In the current analyses we included all subjects diagnosed with ADHD-C at baseline and a DTI-scan of high quality at follow-up (n=101; eFigure 1). There were no differences between the subjects included in current analysis and the complete sample 
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on measures of ADHD severity (p=0.935), age (p=0.206) and gender (p=0.134). 40 age-matched HC subjects were additionally included, they were recruited from schools 
and did not meet criteria for ADHD, neither did their first-degree relatives. The study was approved by the regional ethics committee and written informed consent was given by the children and their parents. 
Diagnostic assessmentDiagnosis was based on a semi-structured, investigator-based interview and Conners’ questionnaires. The interview was the Dutch version of the Parental Account of Children’s Symptoms (PACS (Taylor, 1991; Taylor, Schachar, Thorley, & Wieselberg, 1986)) at baseline and the Schedule for Affective Disorders and Schizophrenia for Children (K-SADS(Kaufman et al., 1997)) at follow-up. Both interviews are compatible with the DSM-IV-TR (American Psychiatric Association., 2000). Initially, all participants were administered the screening interview. Participants with elevated scores on any of the screen items were administered the full ADHD sup plement. The Conners’ questionnaires were the teacher report (Conners’ Teacher Rating Scale: Long version (CTRS-R:L)) applied for children <18 years or a self-report (Conners’ Adult ADHD Rating 
Scales–Self-Report: Long version (CAARS-S:L)) applied for children ≥18 years (Conners, Sitarenios, Parker, & Epstein, 1998; Conners et al., 1997). Using a diagnostic algorithm, a combined symptom count was calcu lated by adding symptom counts on the interview 
and CTRS-R:L (for participants <18) or CAARS-S:L (for participants ≥18), both providing 
operational definitions of each of the 18 behavioral symptoms defined by the DSM-IV (American Psychiatric Association., 2000). Symptoms of the Conners’ questionnaires were only added to the combined symptom count if at least two symp toms were reported, to avoid the Conners’ score to put too much weight on the diagnosis. Of the Conners’ ADHD ques tionnaires, the following scales were used: DSM Inattentive behaviour (Scale L of the CPRS-R:L/CTRS-R:L; Scale E of the CAARS-S:L), DSM Hyperactive/Impulsive behaviour (Scale M of the CPRS-R:L/CTRS-R:L; Scale F of the CAARS-S:L) and DSM Total (Scale N of the CPRS-R:L/CTRS-R:L; Scale G of the CAARS-S:L). For participants using medication, ratings were done of children’s functioning off medication.  For the dimensional analyses, we calculated a measure of symptom change over time by subtracting the symptom count at baseline from the count at follow-up. For the 
categorical analyses, participants with a combined symptom count of ≥6 symptoms of hyperactive/impulsive and/or inattentive behaviour were diagnosed with persistent ADHD, provided they a) met the DSM-IV criteria for pervasiveness and impact of the 
disorder, b) had an age of onset before 7, and c) received a standardised T-score ≥63 on at least one DSM ADHD scale of the ADHD questionnaire. ADHD participants not meeting criteria for persistence were categorised as remitted. Completely remitted participants and controls had to score T<63 on all scales of the ADHD questionnaire 
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and had ≤3 symptoms derived from the combined symptom counts of the K-SADS and CTRS-R:L/CAARS-S:L. 
Diffusion tensor imaging and (pre-)processingMRI data were acquired at follow-up only with 1.5T scanners from Siemens (MAGNETOM-Sonata and AVANTO) at two scan locations. Both scanners were equipped with the same 8-channel phased-array head coil. For each participant, whole brain diffusion-weighted images were collected (twice refocused PGSE EPI; 60 diffusion-weighteddirections; b-factor 1000s/mm2; 5 non-diffusion-weighted images; interleaved slice acquisition; TE/TR=97/8500ms; GRAPPA-acceleration 2; phase full Fourier; voxelsize 2.0x2.0x2.2mm). DTI images were realigned and corrected for 
residual eddy-current (SPM8; http://www.fil.ion.ucl.ac.uk/spm, London, UK) and for artefacts from head and/or cardiac motion using robust tensor modelling (PATCH (Zwiers, 2010)). All DTI-scans were visually inspected to assess quality of the data. 
When the quality was insufficient the data of the subject was excluded (n=21, see eFigure 1). Diffusion tensors and derived FA and MD values were then calculated for each voxel (FSL 4.1.7; (Behrens et al., 2003).  The group analysis of diffusion parameters was performed using Tract-Based Spatial Statistics (FSL-TBSS (Smith et al., 2006)). FA and MD images of each participant were nonlinearly registered to the FMRIB-58_FA template (MNI152-space). Subsequently, a group mean FA-image was created to produce a mean skeleton map of WM-tracts. Finally, diffusion parameters of each subject were projected onto the group skeleton, 
which was thresholded to FA≥0.3 to exclude peripheral tracts (Smith et al., 2006). Non-parametric permutation tests (5000 random permutations; FSL-randomise) were conducted voxel-wise on the whole brain WM-skeleton, while resulting p-values were corrected for multiple comparisons (p<0.05). The JHU DTI-based WM-atlas (available in FSL) was used to label WM-tracts.
Probabilistic tractography
To visualise the most likely pathways extending from significant FA clusters, we 
estimated voxel-wise fibre orientation distributions and probabilistic streamline 
tractography (FSL-Probtrackx (Behrens et al., 2003)). Significant voxels of the TBSS analysis were mapped into each subject’s native space and used as seed-masks for tractography. To remove spurious connections, the resulting connectivity maps of individual subjects were thresholded to include only voxels which had at least 50 samples passing through them (out of 5000 generated streamlines). Finally, the individual thresholded images were projected into standard space, binarised, summed over individuals and thresholded to include tracts that were present in at least 75% of the subjects (Boorman, O’Shea, Sebastian, Rushworth, & Johansen-Berg, 2007).
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Statistical analysisDemographic between-group differences were tested using F-tests for continuous variables and X²-tests for categorical variables. For both the dimensional as the categorical MRI analysis, general linear models (GLMs) were built with FA or MD values as dependent variable and gender, age, duration of medication use and scanner site as covariates of no interest. We corrected for multiple comparisons by implementing threshold-free cluster enhancement (FSL-TFCE (Smith & Nichols, 2009)).
Dimensional analysis: Symptom change over timeIn this within-group analysis among subjects with ADHD (n=101) (Table 1) we tested voxelwise whether WM microstructure differed as a function of hyperactive/impulsive and inattention symptom change. Therefore, univariate linear regressions were run with FA or MD values as dependent variable, symptom change as predictor variable and symptom count at follow-up as additional nuisance regressor to correct for differences in WM related to symptom count at scan time. 
Table 1. Demographic and clinical characteristics for the ADHD group at T1 and T2.
n = 101 T1 T2 Test statistic
Demographic
Age 11.9 (2.7) 17.8 (2.7) t(100)=77.494**
Estimated IQ 95.4 (13.4) 95.0 (14.2) t(76)=-0.605
Clinical
Interview hyperactivea 8.1 (1.0) 5.8 (2.4) t(100)=9.763**
Interview inattentivea 8.2 (1.0) 7.1 (1.6) t(100)=6.251**
Note: M(SD); Estimated IQ based on Wechsler Intelligence Scale for Children or Wechsler Adult Intelligence 
Scale–IIIVocabulary and block design; estimated IQ missing for 24 subjects at baseline.
a Symptom count. Maximal 9 symptoms per dimension (≥6 is clinical threshold).
*p<.05, **p < .001. 
Categorical ROI analysis: Persistent and remittent groups in relation to healthy 
controls
To link our analysis to traditional DSM-IV diagnoses and relate our findings to previous reports, we divided the same subjects as in the dimensional analysis into persisters (n=59) and remitters (n=42) based on the hyperactive/impulsive symptom count at follow-up and added an age-matched HC group (n=40) (Table 2). 
Significant clusters of the dimensional analysis were used as regions of interest (ROIs) to conduct a voxelwise comparison between persisters, remitters and HC. FA and MD of the three groups was compared using an ANCOVA with gender, age, duration of medication use and scanner site as covariates of no interest.
36
Table 2. Demographic and clinical characteristics of the hyperactive/impulsive remittent, 
persistent and healthy control group.
T1: IMAGE Remit (n=42)
Persist 
(n=59)
Control 
(n=40) Test Statistic Post-hoc
Demographic
Age 11.9 (2.4) 11.9 (2.8) 12.9 (2.3) F(2, 138)=2.092 -
Gender, % male 85.7 n=36 76.3 n=45 25.0 n=10 χ2(2)=39.101** R=P>C
Estimated IQ 94.5 (12.8) 95.9 (13.9) 106.4 (13.4) F(2, 114)=8.954** R=P<C
Gestational ageb, weeks 39.5 (1.7) 39.6 (2.3) 39.1 (1.8) F(2, 93)=0.578 -
Birth weightc, kg 3.3 (0.5) 3.5 (0.5) 3.4 (0.6) F(2, 96)=0.723 -
Clinical
PACS hyperactivea 7.93 (1.1) 8.27 (0.9) - - t(99)=-1.623 -
PACS inattentivea 8.26 (0.9) 8.07 (1.1) - - t(99)=0.968 -
T2: NeuroIMAGE Remit Persist Control
Demographic
Age 17.9 (2.5) 17.8 (2.7) 17.8 (2.1) F(2, 138)=0.034 -
Estimated IQ 96.3 (13.2) 94.1 (15.1) 106.7 (13.5) F(2, 136)=10.010** R=P<C
Duration medication use, 
months
82.7 (51.8) 77.1 (60.5) - - t(99)=0.845 -
Scansite, % in Nijmegen 59.5 n=25 61.0 n=36 60.0 n=24 χ2(2)=0.025 -
Motion during scanningd 28.0 (10.2) 31.0 (14.8) 26.5 (8.1) F(2, 138)=1.886 -
Handness, % right handed 88.1 n=37 89.7 n=52 90.0 n=36 χ2(2)=2.863 -
ODD, % 10.9 n=11 23.8 n=24 0 n=0 χ2=2.274 -
CD, % 2.0 n=2 5.9 n=6 0 n=0 χ2=1.032 -
Follow-up interval, years 6.0 (0.7) 5.9 (0.6) 4.9 (0.7) F(2, 138)=36.098** R=P>C
Clinical
K-SADS hyperactivea 3.4 (1.4) 7.6 (1.1) - - t(99)=15.284** R<P
K-SADS inattentivea 7.1 (1.3) 7.2 (1.8) - - t(99)=-0.387 -
Note: M(SD); Estimated IQ based on Wechsler Intelligence Scale for Children or Wechsler Adult 
Intelligence Scale–III Vocabulary and block design.
a Symptom count. Maximal 9 symptoms per dimension (≥6 is clinical threshold).
b Gestational age missing for 18 remitters, 22 persisters, and 5 controls
c Birth weight missing for 18 remitters, 22 persisters, and 2 controls
d Motion during scanning quantified as the mean average displacement score of the realignment 
parameters
*p<.05, **p < .001. 
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Results
Clinical outcomeTables 1 and 2 present the demographics of the sample. Both the hyperactive/impulsive 
and the inattentive symptom count were significantly lower at follow-up compared to baseline (Table 1). Remittance was strongly skewed towards the hyperactive/impulsive domain of ADHD, with a mean symptom change of -2.30 symptoms (SD=2.37), and less towards the inattentive symptoms (mean change: -1.02 symptoms, SD=1.65). In fact, only n=3 (3%) of the childhood ADHD sample were completely remitted. We therefore focused on changes in the hyperactive/impulsive symptom count in the analyses. 
Persistent and remitted ADHD groups did not differ significantly in hyperactive/impulsive symptom counts at baseline. As expected, there were differences between the groups in terms of hyperactive/impulsive symptom score at follow-up and change of symptoms over time (Table 2). Between baseline and follow-up 86.1% of the subjects with ADHD used methylphenidate and 2.0% dexamphetamine. Pearson correlations between the change in symptoms and, age at follow-up (r(99)=-0.07, p=0.466), duration of medication use (r(99)=0.03, p=0.751), or baseline symptom count (r(99)=0.2, p=0.796) were low in the ADHD cases. No differences in follow-up interval were found between the persistent and remittent ADHD groups.
MRI results
Dimensional analysis: Symptom change over time FA values varied as a function of hyperactive/impulsive symptom change over age in the left superior longitudinal fasciculus and corona radiata (peak voxel: t=4.84, p=0.03) (Figure 1 upper panel, Table 3). Lower FA values were associated with a stronger decrease (i.e. remission) in hyperactive/impulsive symptoms (Figure 2, 
left). Probabilistic tractography using significant FA clusters as seed regions indicated that these regions were most likely part of the corticospinal tract, running from the motor cortex through the corona radiata into the internal capsula (Figure 1, middle panel). MD values also varied as a function of hyperactive/impulsive symptom change (Figure 1, lower panel). Higher MD values were associated with stronger remission 
of hyperactive/impulsive symptoms (Figure 2, right), and significant clusters were 
located in similar regions as the FA results. We identified these regions as the bilateral corona radiata (peak voxel: t=4.78, p=0.04) and superior longitudinal fasciculus (peak voxel: t=4.77, p=0.02), extending to the internal and external capsula, corpus callosum (genu, body and splenium) and cingulum.
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Tract.
MD
Figure 1. Dimensional TBSS analysis showing significant associations (red-yellow) between MD and FA 
values and change in hyperactive/impulsive symptoms over time. Mean FA skeleton across all subjects 
(green) was overlaid on an MNI template image for presentation (x=-20, y=-17, z=41). The results were 
thickened for visualisation (FSL TBSS-fill). Top: Lower FA values are associated with a larger decrease 
in hyperactive/impulsive symptoms. Middle: The FA results were used as seeds for probabilistic 
tractography (blue) revealing the left corticospinal tract (JHU White-Matter Tractography Atlas). Bottom: 
Higher MD values are significantly associated (red-yellow) with a larger decrease in hyperactive/impulsive 
symptoms. 
 Change in inattentive symptom count was not found to be significantly associated with altered FA or MD values. A series of control and sensitivity analyses showed that: 1) Neither FA nor MD values were found to be associated with IQ or medication use; 2) Adding comorbid ODD/CD diagnosis to or removing symptom 
counts at follow-up from the model did not significantly change the results; 3) 
Results were replicated (although not reaching significance due to reduced statistical power) in each scan site separately and in two age-groups based on a median split (at the age of 17.9); and 4) No interaction effects were found between the change in symptoms and medication use, gender, or age in predicting FA and MD values (see also eFigure 2).
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Figure 2. Graphs illustrating the relationship between (Left) mean FA values extracted from the significant 
results of the dimensional analysis and change in hyperactive/impulsive symptom count; (Right) mean 
MD values and change in hyperactive/impulsive symptom count.
Categorical ROI analysis: Persistent and remittent groups in relation to healthy 
controlsIn the ROIs created based on the results of the dimensional analyses, both the HC and remittent group exhibited lower FA and higher MD values compared to the persistent hyperactive/impulsive group (Table 3 and Figure 3). The remittent hyperactive/impulsive group did not differ in FA, nor in MD values from HC. 
* *
Figure 3. Tukey box plots illustrating the results of the categorical group comparison between persistent, 
remittent and healthy control groups. (Left) mean FA values for the three groups; (Right) mean MD values 
for the three groups.
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Table 3. Peak voxels and localization of significant clusters of categorical and dimensional 
analysis.
MNI (Peak voxel)
Analysis WM n Voxels X Y Z tmax p-value
Dimensional: hyperactive/impulsive symptom change
FA SLF L 431 -29 -24 39 4.84 0.03
MD SLF L 785 -29 -27 39 4.77 0.02
SCR L 152 -27 -3 29 4.78 0.04
ROI Categorical: remit - persist - control
FA Control < persist SCR L 86 -23 -22 38 3.79 0.01
       Remit < persist SCR L 29 -23 -25 41 4.57 0.03
MD Control > persist SLF L 918 -27 -19 30 4.99 0.001
        Remit > persist SCR L 556 -22 -24 37 4.08 0.002
min. 10 voxels per cluster; WM, white matter; FA, fractional anisotropy; MD, mean diffusion; L, left; R, right; 
MNI, Montreal Neurological Institute; SLF, Superior longitudinal fasciculus; ACR, Anterior corona radiata; 
AIC, Anterior internal capsula; SCR, Superior corona radiata.
DiscussionWe investigated the relationship between WM microstructure and developmental improvement of ADHD symptoms in a longitudinal study of a large childhood ADHD cohort. Consistent with previous reports we observed that hyperactive/impulsive symptoms improved to a greater extent than inattentive symptoms (Biederman et al., 2000; Hart, Lahey, Loeber, Applegate, & Frick, 1995). Complete remission was rare. Hence, we focused our analyses on the WM correlates of improvement in hyperactive/impulsive symptoms. Persistence of diagnostic status was associated with higher FA and lower MD values in the left superior longitudinal fasciculus and corona radiata, which are part of the corticospinal tract. These motor-associated 
changes might reflect the findings of a stronger remittance of hyperactive 
symptoms compared to enduring attention deficits (Biederman et al., 2000; Lahey et al., 1994; Lahey et al., 2004; Molina et al., 2009). Also, in these regions, FA and MD values of subjects with remittent hyperactive/impulsive symptoms did not differ from those of HC, while subjects with persistent symptoms did show higher FA and lower MD values in this region compared to both remitters and HC. This 
is in line with and an extension of our previous findings showing that higher FA and lower MD are widely associated with more behavioural ADHD symptoms (van Ewijk et al., 2014). In contrast to our hypothesis, no associations were found between the developmental improvement of ADHD symptoms and microstructure of fronto-
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striatal WM tracts. Importantly, this does not imply the absence of associations between fronto-striatal grey matter and ADHD remission. Although not hypothesised, the change in hyperactive/impulsive symptoms was related to WM microstructure of the corticospinal tract. This tract is of interest because of the motor hyperactivity subjects with ADHD exhibit and the essential role this tract 
plays for the motor system. It contains fibres running from the primary motor, premotor, supplementary motor, somatosensory, parietal and cingulate cortex to the spine and, thus, is involved in the control of posture, but also the control of 
more complex voluntary movements (Rizzolatti & Luppino, 2001). Our findings were unilateral, which may stem from the fact that 89% of our subjects were right-handed (note that motor axons cross to the contralateral side before reaching the lower motor neurons). Our data does not allow us to make inferences about 
causality; however, we could speculate that the findings in the corticospinal tract might be down-stream results of improved prefrontal executive control in remitting subjects with ADHD, which in turn may result in less stimulation of these motor tracts.
 Although it is generally difficult to interpret FA or MD in terms of the individual elements that constitute the tissue microstructure (Beaulieu, 2002), our higher 
FA in conjunction with lower MD findings associated with persistent hyperactive/
impulsive symptoms may indicate higher efficiency in motor signal transmission, 
either because the associated axonal fibres are more densely myelinated or because they are more numerous. However, the higher FA values can also be attributed to decreased neuronal branching (Suzuki, Matsuzawa, Kwee, & Nakada, 
2003) in brain areas where healthy subjects have many crossing fibres (Mori, Wakana, & Van Zijl, 2005), though this is less likely to be accompanied with lower 
MD values. The finding of higher FA values in subjects with ADHD compared to controls has been frequently reported for various regions, including the superior longitudinal fasciculus, anterior corona radiata, uncinate fasciculus and thalamic radiation (Davenport, Karatekin, White, & Lim, 2010; A. Konrad et al., 2010; Silk, Vance, Rinehart, Bradshaw, & Cunnington, 2009; Tamm, Barnea-Goraly, & Reiss, 2012). However, there is a large degree of heterogeneity in DTI results, with studies also reporting lower FA in various regions including the internal capsula, corona radiata and corpus callosum in ADHD compared to control subjects (van Ewijk et al., 2012). The current results differ from those of a recent study using a longitudinal design in adults where the investigators found no difference in WM properties between remitters and persisters (Cortese et al., 2013). This may be explained by the relatively small statistical power given the sample size of their groups (persisters: n=15, remitters: n=25) and the variation in the ADHD subtypes of the persisters (6 inattentive, 6 hyperactive/impulsive and 3 combined). 
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 Although this study was based on a prospective longitudinal design, brain structure was assessed at follow-up only, hence we can just speculate as to the WM status at baseline. It is possible that differences between subjects with remittent and persistent hyperactive/impulsive symptoms were already present at baseline; in this case, the corticospinal WM may be an early marker of remission of hyperactive/impulsive symptoms over time. Another possibility is that no WM differences between subjects with remittent and persistent symptoms were present at baseline. This implies normalisation of the corticospinal WM of subjects with remittent hyperactive/impulsive symptoms.  In this study we followed a large sample of children with ADHD-C over a period of 6 years. This period covers a developmental window that is ideally suited to the investigation of neural correlates of hyperactive/impulsive symptom change over time. However, there are a number of limitations to the study. Diagnostic interviews differed between baseline and follow-up, however Conner’s questionnaires were used both at baseline and follow-up, and for consistency symptoms were always counted according to DSM-IV criteria. Secondly, this was an observational study in which the vast majority of ADHD participants were taking stimulant medications. More in depth medication studies are warranted to determine the precise effects of medication use on WM microstructure in relation to persistence and remission. Lastly, follow-up assessments at later age may allow for larger developmental change of inattentive symptoms and investigation of the neural underpinnings of this change.  In conclusion, we found in the current ADHD cohort foremost developmental 
improvement of hyperactive/impulsive symptoms of ADHD, confirming previous studies. The developmental improvement in hyperactive/impulsive symptoms was related to the white matter structure in the left corticospinal tract, which has an important role in the motor system. Participants with remittent symptoms did not show differences in this tract compared to healthy controls, while both those 
groups differed significantly from participants with persistent symptoms. 
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Supplementary materials Chapter 1
5.6 year follow-up
Baseline 
                     Lost to follow-up
Participation: n=347
* Questionnaires only: n=14 (3.0%)
* Interview only: n=9 (2.0%)
* Questionnaires and interview    
   n=324 (70.6%)
Follow-up rate: 75.6%
DTI scan counterbalanced: n=197
excluded:
* Missing data: n=8
* IQ<70: n=8
* Quality MRI: n=21
* Incidental findings: n=5
* Comorbidity: n=15
* Siblings: n=26
* Data collected after analysis: n=13
Total: n=101
Participation: n=209
* Questionnaires only: n=15 (5.4%)
* Questionnaires and interview:     
   n=196 (70.3%)
Follow-up rate: 74.9%
ADHD-C
Baseline inclusion: N = 459 
Controls
Baseline inclusion: N = 279
Lost to follow-up: n=112
* Not traceable: n=6 (1.3%)
* Drop-out: n=106 (23.1%)
Lost to follow-up: n=50
* Not traceable: n=12 (4.3%)
* Drop-out: n=38 (13.6%)
Not meeting inclusion criteria: n=20
Figure S1 Flowchart of subject withdrawal throughout the longitudinal study
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Figure S2 Graphs illustrating the relationship between mean FA values extracted from the significant 
results of the dimensional analysis and change in hyperactive/impulsive symptom count split up for: (1) 
gender, (2) scansite, (3) comorbid ODD/CD, (4) age groups; and the relationship between mean FA and (5) 
age, and (6) history of medication use. 
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Figure S3 Graphs illustrating the relationship between mean MD values extracted from the significant 
results of the dimensional analysis and change in hyperactive/impulsive symptom count split up for: (1) 
gender, (2) scansite, (3) comorbid ODD/CD, (4) age groups; and the relationship between mean MD and (5) 
age and (6) history of medication use.

CHAPTER 2
THE EXECUTIVE 
CONTROL NETWORK 
AND SYMPTOMATIC 
IMPROVEMENT IN 
ADHD
Published as: Francx, W., Oldehinkel, M., Oosterlaan, J., Heslenfeld, D., Hartman, C. A., Hoekstra, P. J., Franke, B., Beckmann, C. F., Buitelaar, J. K.*, Mennes, M.* (2015). The executive control network and 
symptomatic improvement in attention-deficit/hyperactivity disorder. Cortex, 73, 62-72. doi: 10.1016/j.cortex.2015.08.012
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Abstract
Background. One neurodevelopmental theory hypothesizes remission of ADHD to result from improved prefrontal top-down control, while ADHD, independent of 
the current diagnosis, is characterized by stable non-cortical deficits (Halperin & Schulz, 2006). We tested this theory using resting state fMRI data in a large sample of adolescents with remitting ADHD, persistent ADHD, and healthy controls. 
Methods. Participants in this follow-up study were 100 healthy controls and 129 adolescents with ADHD combined type at baseline (mean age at baseline 11.8 years; at follow-up 17.5 years). Diagnostic information was collected twice and augmented with MRI scanning at follow-up. We used resting state functional connectivity (RSFC) of the executive control network to investigate whether improved prefrontal top-down control was related to a developmental decrease in ADHD symptoms. In addition, we tested whether non-cortical RSFC, i.e., cerebellar and striatal RSFC, was aberrant in persistent and/or remittent ADHD compared to controls.
Results. Higher connectivity within frontal regions (anterior cingulate cortex) of the executive control network was related to decreases in ADHD symptoms. This association was driven by change in hyperactive/impulsive symptoms and not by change in inattention. Participants with remitting ADHD showed stronger RSFC than controls within this network, while persistent ADHD cases exhibited RSFC strengths intermediate to remittent ADHD cases and controls. Cerebellar and subcortical RSFC did not differ between participants with ADHD and controls.
Conclusions. In line with the neurodevelopmental theory, symptom recovery in ADHD was related to stronger integration of prefrontal regions in the executive control network. The pattern of RSFC strength across remittent ADHD, persistent ADHD, and 
healthy controls potentially reflects the presence of compensatory neural mechanisms that aid symptomatic remission. 
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Introduction
Attention-deficit/hyperactivity disorder (ADHD) has a variable clinical course. While 30-50% of children diagnosed with ADHD exhibit symptomatic improvement throughout development (Biederman, Mick, & Faraone, 2000), others show persistent ADHD behavior into adulthood (Faraone, Biederman, & Mick, 2006). Adult ADHD has a substantial impact on the public health system as it has been associated with impairments in multiple domains including family functioning, work, and leisure time (Biederman et al., 2006; Kessler et al., 2006). Few behavioral, environmental, and neurocognitive factors were found to predict clinical outcome (Biederman, Petty, Clarke, Lomedico, & Faraone, 2011; Kessler et al., 2005; van Lieshout, Luman, Buitelaar, Rommelse, & Oosterlaan, 2013). However, using brain measures we might be able to identify the mechanisms underlying remittent and persistent ADHD trajectories. According to the neurodevelopmental theory formulated by Halperin and Schulz (2006) ADHD is characterized by relatively stable non-cortical dysfunctions. This theory is primarily based on evidence from cognitive investigations showing that 
ADHD is related to deficits in so-called lower cognitive mechanisms, as demonstrated by increased variability of reaction times in more automatic and less effortful tasks (Bedard, Trampush, Newcorn, & Halperin, 2010; Halperin, Trampush, Miller, Marks, & Newcorn, 2008). Recent magnetic resonance imaging (MRI) studies reporting on the cerebellum and subcortical structures including caudate, nucleus accumbens, and putamen, have provided additional neurobiological support for the hypothesized non-cortical dysfunctions in ADHD (Frodl & Skokauskas, 2012; Hart, Radua, Mataix-Cols, & Rubia, 2012; Hart, Radua, Nakao, Mataix-Cols, & Rubia, 2013; Nakao, Radua, Rubia, & Mataix-Cols, 2011; Stoodley, 2014; Valera, Faraone, Murray, & Seidman, 2007).  Importantly, stable non-cortical dysfunctions are not only hypothesized in persistent, but also in symptomatically improved (i.e., remittent) ADHD cases. Indeed, a recent functional MRI (fMRI) study in adults with childhood ADHD reported that reaction time task performance, which relies on non-cortical regions, was not related to symptom recovery (Clerkin et al., 2013). Furthermore, decreased activation in the thalamus was found independent of current diagnosis. Additional support was provided by structural MRI studies that reported non-progressive reductions in striatal surface area in ADHD (Shaw et al., 2014) and cerebellar volume reductions 
in remittent ADHD (Mackie et al., 2007), indicating persistent non-cortical deficits. 
However, also evidence has been reported that is in conflict with the developmental 
theory and points to absence of structural basal ganglia deficits in adults with ADHD 
(Frodl & Skokauskas, 2012; Nakao et al., 2011) and findings indicating volumetric normalization with aging (Castellanos et al., 2002). 
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 Next to non-cortical dysfunctions, cortical dysfunctions have also been related 
to ADHD pathology. One of the most replicated findings is abnormal structure and functioning of the prefrontal cortex (PFC) (Cortese et al., 2012; Hart et al., 2012). Within the neurodevelopmental theory, the development of prefrontal cortex (PFC) has been hypothesized to parallel improvements in ADHD symptoms. Such PFC compensation 
would be reflected in improved performance on effortful executive functioning tasks that depend on PFC functioning. Indeed, better performance on working memory, inhibition, and, sustained attention tasks has been reported in remittent compared to persistent ADHD (Bedard et al., 2010; Fischer, Barkley, Smallish, & Fletcher, 2005; Halperin et al., 2008). However, other studies were unable to document improvements in performance of executive function tasks (Biederman et al., 2009; Mick et al., 2011; van Lieshout et al., 2013).  Measures of brain structure and function might augment our insight into the mechanisms underlying remission of ADHD by revealing normalization of brain function or by revealing compensatory changes (Fassbender & Schweitzer, 2006; Giedd & Rapoport, 2010; Rubia, 2002; Shaw, Gogtay, & Rapoport, 2010). Accordingly, previous studies have linked diagnostic outcome to the status of the PFC. ADHD outcome has been associated with the developmental trajectories of the medial PFC and cingulate extending to the precuneus (Shaw et al., 2013). In addition, stronger functional integration between the thalamus and prefrontal areas, as measured using fMRI, paralleled symptom recovery (Clerkin et al., 2013). However, this report did 
not find support for the prediction that increased prefrontal activation was related to ADHD recovery. Finally, a recent study demonstrated normalization of resting state functional connectivity between the posterior cingulate and medial PFC regions in remittent ADHD (Mattfeld et al., 2014).  The aim of the present study was to directly test the theory that prefrontal cortical functioning provides a mechanism aiding ADHD remission. To investigate prefrontal functioning we assessed the connectivity of a cognitive control network based on resting state fMRI (rfMRI) data instead of using a task-paradigm that is limited to certain 
cognitive functions (e.g., working memory). Specifically, we investigated whether symptom remission in ADHD, i.e., a decrease in symptoms throughout development, was related to prefrontal connectivity of the executive control network. In addition, we evaluated the presence of aberrant non-cortical connectivity in cerebellar and striatal networks in both persistent and remittent ADHD cases, compared to healthy controls. 
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Methods
ParticipantsAll participants were part of a prospective longitudinal study, the International Multicenter ADHD Genetics (IMAGE) study (as described previously in Muller et al., 2011a; Muller et al., 2011b; Nijmeijer et al., 2009; Rommelse, Altink, Martin, et al., 2008). Participants with ADHD combined type were recruited from outpatient psychiatric or pediatric clinics, ADHD diagnoses were re-assessed using the Parental Account of Children’s Symptoms (PACS (Taylor, Schachar, Thorley, & Wieselberg, 1986)) and Conners’ rating scales. Control families were recruited from schools and did not meet 
criteria for ADHD, neither did their first-degree relatives. Further inclusion criteria for 
both groups were an IQ≥70, European Caucasian descent, and no diagnosis of autism, 
epilepsy, general learning difficulties, brain disorders, or known genetic disorders (such as Fragile X or Down syndrome). IQ was estimated based on the WISC or WAIS– III VOCABULARY, SIMILARITIES, PICTURE COMPLETION, and BLOCK DESIGN subtests at baseline. Diagnostic, neurocognitive, and genetic data were collected at the VU University Amsterdam and Radboud University Medical Centre Nijmegen.  All participants were invited for follow-up after 5 years (mean follow up=5.9 years, SD=0.74) during which the protocol was complemented with the acquisition of MRI brain scans, including an rfMRI scan (NeuroIMAGE study: as described in (von Rhein et al., 2014)). Follow-up rates were 75.6% for ADHD families and 74.9% for control families. ADHD diagnoses were re-assessed using the Dutch translation of the Schedule for Affective Disorders and Schizophrenia for School-Age Children (K-SADS (Kaufman et al., 1997)) and Conners’ rating scales. Comorbidity with oppositional 
defiant disorder (ODD) and conduct disorder (CD) were assessed using the K-SADS. Initially only the screening interview was administered, thereafter participants with elevated scores on any of the screen items were also administered the full section. For participants using medication, the participants’ functioning was rated when off medication. Duration of medication use was registered based on pharmacy reports. All participants gave informed consent and the study was approved by local ethical committees.  Longitudinal diagnostic information and an rfMRI scan were available for 274 participants. For the current analyses we excluded participants with an rfMRI scan of bad quality after visual inspection (n=18, of which 1 healthy control) and the 5% participants with highest head-motion (n=27, of which 2 healthy controls), as determined by frame-wise displacement (cut-off at 0.73 root mean squared head position change (Power, Barnes, Snyder, Schlaggar, & Petersen, 2012)). We included 129 participants with ADHD combined type at baseline and 100 healthy controls in 
our final analyses. For both groups, there were no differences between the participants 
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included in the current analysis and the complete sample on measures of ADHD severity, age, and gender (p>.05).
Longitudinal ADHD assessmentAs all participants were assessed at both measurements using a parent-rated Conners’ questionnaire (Conners’ Parent Rating Scale - Revised: Long version (CPRS-R:L); Conners, Sitarenios, Parker, & Epstein, 1998), we used this questionnaire to determine ADHD symptoms at each time point. Two Conners’ scales were used: DSM-Inattentive behavior (scale L of the CPRS-R:L) and DSM-Hyperactive/Impulsive behavior (scale M of the CPRS-R:L) scales. At follow-up , scores on the Conners’ questionnaires were highly correlated with symptoms counted based on the Schedule for Affective Disorders and Schizophrenia for School-Age Children - Present and Lifetime Version (K-SADS (Kaufman et al., 1997)) (for inattention r=0.77; for hyperactivity/ impulsivity 
r=0.76). 
Imaging and preprocessingMRI data were acquired at follow-up at two locations (VU University Amsterdam and Radboudumc in Nijmegen), with 1.5T scanners from Siemens (MAGNETOM Sonata and Avanto). Both scanners were equipped with 8-channel phased-array head coils. For each participant a T1-weighted anatomical scan was collected (TR 2730 ms, TE 
2.95 ms, T1 1000 ms, voxel size 1x1x1 mm, flip angle 7˚, matrix size 256x256, FOV 256 mm, 176 slices). Nine minutes of rfMRI data was acquired using a gradient-echo echo-
planar imaging (GE-EPI) sequence (TR 1960 ms, TE 40 ms, flip angle 80˚, matrix size 64x64, in-plane resolution 3.5 mm, FOV 224 mm, 35 axial slices, slice thickness/gap 3.0 mm/0.5 mm, 265 volumes). Participants were instructed to relax while keeping their eyes open.  rfMRI data were preprocessed using the FMRIB Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl). We applied standard preprocessing including removal 
of the first five volumes to allow for signal equilibration, primary head movement correction via realignment to the middle volume (FSL-MCFLIRT), grand mean scaling, and spatial smoothing using a 6mm FWHM Gaussian kernel. Subsequently, to correct for secondary effects of head motion we used an advanced ICA-based strategy for automatic detection and removal of motion-related artifacts (ICA-AROMA; Pruim et al., under review). ICA-AROMA automatically selects the motion-related components as 
identified by independent component analysis (FSL MELODIC). After removing these 
components identified as motion-related artifacts (using fsl_regfilt), we additionally 
removed signal from white matter and cerebrospinal fluid using nuisance regression, 
and applied a high-pass filter (0.01 Hz). Functional images were co-registered to the 
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anatomical image using boundary-based linear registration (Greve & Fischl, 2009). Anatomical images were non-linearly transformed to MNI152 space (FSL-FNIRT). Concatenation of both transformations was used to bring participant-level rfMRI data to MNI152-standard space. 
Resting state network characteristicsOver the last decades the focus of neuroimaging research has moved from investigating activity in individual regions to the study of large-scale distributed network activity. 
Brain regions showing spontaneous fluctuations in activation patterns over time are delineated as a functional network. A data-driven approach to delineate these resting state networks is Independent Component Analysis (ICA; (Beckmann, DeLuca, Devlin, & Smith, 2005)). The estimated components or networks are spatially highly consistent over subjects (Damoiseaux et al., 2006). Furthermore, although measured during rest, these networks are related to activation patterns measured during tasks (Laird et al., 2011; S. M. Smith et al., 2009b).  Of note, although data-driven approaches can be used to delineate resting state 
networks, the field of resting state networks is not without ambiguity. Networks do 
not map directly on behavior and previously defined ontology. As a result, variation in 
definitions of networks is induced. One example can be found in the subdivision of one network into various sub-systems. A network that is of particular interest for ADHD is a network that has been related to executive control and salience processing (Seeley et al., 2007). Several cognition paradigms that are affected in ADHD, e.g., Stroop and go/no-go tasks, show similar brain activation patterns as this executive control network (Beckmann et al., 2005; Cortese et al., 2012; Hart et al., 2012). Areas of activation in this network include medial-frontal areas (including the anterior cingulate and paracingulate cortex, and superior, middle, and ventrolateral prefrontal cortices; (Beckmann et al., 2005), and a part of the thalamus which connects to the PFC ((Fair et al., 2010; Johansen-Berg et al., 2005), Figure 1). 
Selection and extraction of resting state networksBased on our hypothesis that symptomatic improvement is accompanied by increased prefrontal functioning, we focused on the executive control resting state network 
(RSN) for further analysis. This is one of the 20 well-identified RSNs that were created 
using ICA (S. M. Smith et al., 2009a). The predefined executive control RSN was spatially 
regressed against the individual subjects’ fMRI data, identifying the subject-specific time courses. The temporal relationship between the RSN time course and each voxel’s time course is called ‘resting-state functional connectivity’ (RSFC). 
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 Since we hypothesized non-cortical RSFC to be related to ADHD, independent of remittent or persistent status, we also assessed RSFC of cerebellar and subcortical resting state networks (Figure 1). For the cerebellar network the same procedure was followed as for the executive control network, i.e., this is also a RSN from the 20 
well-identified RSNs. To specifically investigate the connectivity of the subcortical regions with the rest of the brain, we created subcortical RSNs. First, we created 
subject-specific masks of the nucleus accumbens, caudate nucleus, and putamen. Each subcortical region of interest (ROI) was automatically segmented using the individual structural scan in native space (FSL-FIRST; (Patenaude, Smith, Kennedy, & Jenkinson, 2011)), subsequently, the ROIs were transformed into functional space and binarized. Next, for each mask the eigenvariate of the time courses was extracted using singular 
value decomposition. The first eigenvariate is a summary of the time courses in the ROI (similar to the mean), however, it is less biased when heterogeneity between voxels in the ROI is present. Finally, the eigenvariate of all ROIs were entered in one regression model. By using this approach we obtained unique whole-brain functional connectivity maps for each subcortical seed. 
PutamenCaudateNAccCerebellumExecutive Control
Figure 1. Executive control RSN and cerebellar RSN created based on spatial maps of 20 well-defined 
RSNs (S. M. Smith et al., 2009a). Subcortical RSNs created based on individual subcortical seeds of the 
nucleus accumbens, caudate, and putamen.
Statistical analysesThe associations between rfMRI and behavioral data were tested by means of two statistical models: (1) a dimensional model relating change in ADHD symptoms to inter-individual differences in RSFC, and (2) a categorical model directly comparing 
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RSFC between typical groups of remittent ADHD, persistent ADHD, and healthy controls. In each analysis gender, age, scan site, Conners’ score at scan time (T2), and head motion during scanning (calculated as mean frame-wise displacement) were modeled as covariates of no interest.  To investigate whether the change in ADHD symptoms over time was associated with prefrontal functioning, we primarily analyzed the rfMRI data using the dimensional approach. Therefore, measures of change were calculated for the hyperactive/impulsive and inattentive symptoms separately using Conners’ standardized T-score. The score at follow-up was subtracted from the baseline score and subsequently divided by the baseline score ((T1-T2)/T1). Through dividing by the baseline score the change in Conners’ score was expressed as a percentage of the baseline score, correcting for possibly confounding variation at baseline. We conducted a linear regression analysis with RSFC of the executive control network as dependent variable and symptom change measure as predictor; this was done for each of the change scores (hyperactive/impulsive and inattentive symptoms) separately. Note that as we included the Conner’s score at T2 as a covariate in all analyses (as indicated above), we controlled for variance related to diagnostic status at T2. 
 Next, we investigated whether a cerebellar and/or subcortical RSFC deficit was present in both remittent and persistent ADHD compared to healthy control groups. Therefore, we applied a categorical group comparison directly comparing non-cortical RSFC of the three groups. Groups were formed based on the scores from the Conners’ questionnaires at follow-up (see supplement for more information). In short, participants belonging to the persistent ADHD group received a T-score≥63 on both DSM hyperactive/impulsive and inattentive subscales of Conners’ ADHD questionnaire at both baseline and follow-up. ADHD participants not meeting criteria for persistence were categorized as remitted. Control participants were required to receive T-scores<63 on the two scales of each Conners’ ADHD questionnaire at both baseline and follow-up. Finally, we investigated inter-network connectivity through conducting both dimensional and categorical analysis on correlation scores derived by correlating the timeseries obtained for the executive network and each of the subcortical seed regions.All comparisons were conducted using non-parametric randomization techniques (applying 5000 permutations, FSL-Randomize) with threshold-free cluster 
enhancement (TFCE; (S. Smith & Nichols, 2009)). Statistical significance was determined by means of a family-wise error (FWE) threshold of p<.05, corrected for 
multiple comparisons. To check whether the results were influenced by scan site, gender, age, duration of medication use, or ODD/CD comorbidities, we conducted post-hoc sensitivity analyses. Demographic differences between remittent ADHD, persistent ADHD, and healthy control groups were tested using F-tests for continuous variables and X2-tests for categorical variables. 
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Results
Clinical outcomeDemographic and descriptive data are presented in Table 1. Both hyperactive/
impulsive and inattentive behavior decreased significantly over time (respectively, 
t(127)=7.244, p<.001; t(127)=6.348, p<.001), however, remittance was skewed towards the hyperactive/impulsive domain. As expected, persistent and remittent groups differed in ADHD symptoms at follow-up and in hyperactive/impulsive symptoms at baseline, with the persistent group reporting more symptoms than the remittent group. The difference at baseline was modest (t(127)=-2.4, p=.02, Cohen’s d=0.42). We included baseline score in the change measure to correct for the individual variation at baseline. In line with previous reports (Biederman et al., 2011), participants with persisting symptoms showed higher rates of comorbid ODD compared to participants 
with remitting symptoms. No significant correlations were found between change in hyperactive/impulsive or inattentive symptoms and age (r=.12 and r=.12) or duration of medication use (r=.11 and r=.06). Neither was duration of medication use correlated to Conners’ score at follow-up (r=.14).
Resting state networks
Executive control networkFirst, we examined the relationship between the developmental improvement in ADHD 
symptoms and RSFC of the executive control network. Confirming our hypothesis, a greater decrease in hyperactive/impulsive ADHD symptoms was associated with higher RSFC within the anterior cingulate and paracingulate gyrus (Figure 2 and Table 
2). This finding suggests a stronger integration of these frontal regions in the executive 
control network. We observed no significant associations between developmental changes in inattentive symptoms and RSFC of the executive control network (Figure S1). Post-hoc sensitivity analyses showed (1) similar results when extreme subjects were excluded; (2) no association between executive control RSFC and age or duration 
of medication use; (3) similar significant results with IQ or comorbid diagnosis of ODD/CD added to the model; (4) same direction of effects at both scan locations, in both genders, and in participants with ADHD only; (5) no difference in performance on neuropsychological tasks at baseline between participants with remittent and 
persistent ADHD. Tables and figures illustrating the sensitivity analyses can be found in the supplementary materials.  Results of a categorical comparison of executive control RSFC between the remittent ADHD, persistent ADHD, and healthy controls are in line with the dimensional analysis. The remittent ADHD group showed higher RSFC in prefrontal regions of the 
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executive control network compared to healthy controls. The results encompassed the same regions as the results of the dimensional analysis and spread out to bilateral regions (a more detailed description of this analysis and its results can be found in the supplementary materials and supplementary Figure S7). 
Table 1. Demographic and clinical characteristics of the ADHD remittent, ADHD persistent 
and healthy control groups.
T1: IMAGE Remitters (n=55)
Persisters 
(n=74)
Controls 
(n=100) Test Statistic Post-hoc
Mean SD Mean SD Mean SD
Demographic
Age 11.82 2.67 11.66 2.8 11.87 3.13 F(2,226)= 0.117 -
Gender,  
% male, number
80% 44 77% 57 34% 34 X2(2)= 45.789** R=P>C
Estimated IQ 101.42 8.07 98.64 9.59 106.56 10.55 F(2,203)= 13.254** R=P<C
Clinical
Hyperactive/impulsive 
symptomsa
76.4 11.52 80.55 8.09 47.63 5.24 F(2,226)= 425.344** P>R>C
Inattentive symptomsa 70.95 9.81 71.92 9.06 47.35 5.17 F(2,226)= 268.592** R=P>C
T2: NeuroIMAGE Remitters Persisters Controls
Mean SD Mean SD Mean SD
Demographic
Age 17.69 2.83 17.59 2.8 17.06 3.02 F(2,226)= 1.109 -
Medication use, years 4.2 3.48 5.3 2.9 - - t(116)= -1.835 -
Scan site,  
% in Nijmegen
50.9% 28 59.5% 44 42% 42 X2(2)= 5.223 -
Motionb 0.16 0.17 0.16 0.13 0.14 0.13 F(2,226)=1.232 -
Handedness,  
% right handed
89.1% 49 91.9 68 88% 88 X2(2)= 0.704 -
Oppositional Defiant 
Disorder, %
14.5% 8 41.9% 31 - X2(1)= 11.186* R<P
Conduct Disorder, % 0% 0 5.5% 4 - X2(1)= 3.111 -
Follow-up interval, 
years
5.87 0.80 5.93 0.58 5.19 0.71 F(2,226)= 30.227** R=P>C
Clinical
Hyperactive/ 
impulsive symptomsa 
55.35 5.28 79.18 9.28 47.23 6.92 F(2,226)= 402.663 ** P>R>C
Inattentive symptomsa 58.71 10.26 69.45 8.55 47.69 7.11 F(2,226)= 142.935** P>R>C
Note: all data are mean or % and standard deviation or number; Estimated IQ was based on Wechsler 
Intelligence Scale for Children or Wechsler Adult Intelligence Scale–III Vocabulary and block design.
a Conners questionnaires, standardized T-score. Range min. 40 to max. 90 (≥63 is clinical threshold).
b Motion as measured by frame-wise displacement
*p<.05, **p < .001.
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Figure 2. Significant associations between RSFC of the executive control network and change in 
hyperactive/impulsive scores. Higher RSFC was associated with a larger decrease in hyperactive/
impulsive behavior. 
Table 2. Peak voxels and localization of significant clusters of categorical and dimensional 
analysis.
MNI (Peak voxel)
Analysis Atlas n Voxels X Y Z tmax p-value
Dimensional
ACC 25 10 30 16 3.8 0.045
Categorical
Remit>control Frontal pole 1237 -22 62 12 4.1 0.010
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Subcortical and cerebellar networksTo investigate whether non-cortical dysfunctions were present in ADHD, independent of current diagnosis, subcortical and cerebellar RSNs were compared between 
remittent ADHD, persistent ADHD, and healthy controls. No significant differences in RSFC of subcortical or cerebellar networks were found between remittent ADHD, persistent ADHD, and healthy controls. Combining remittent and persistent ADHD groups into one group for comparison with healthy controls did not alter results. Results of a dimensional analysis investigating whether non-cortical RSFC was related to the change in ADHD symptoms over time were in line with the categorical analysis, 
i.e., no significant associations were found. 
Inter-network connectivityWe conducted a dimensional analysis to investigate whether the connectivity between the executive control and each subcortical network was related to the ADHD change scores (as calculated above) and a categorical analysis to investigate whether the between network connectivity differed between ADHD (persistent and remittent) and control groups. Neither the dimensional analysis, nor the categorical analysis yielded 
significant results.
DiscussionIn a longitudinal follow-up study including 129 participants with ADHD and 100 healthy controls, we tested the neurodevelopmental theory of Halperin and Schulz (2006). This theory states that remission of ADHD results from improved prefrontal top-down control, while ADHD, independent of the current status, is characterized by stable non-
cortical deficits. We demonstrated that a decrease in hyperactive/impulsive ADHD symptoms was associated with stronger functional connectivity in frontal regions of the executive control network. In line with these results, a complementary group comparison showed that participants with remitting ADHD symptoms had higher frontal functional connectivity than healthy controls, while persistent ADHD cases exhibited connectivity intermediate to remittent ADHD cases and healthy controls. Both analyses indicated a stronger integration of frontal regions within the executive control network in remittent ADHD, suggesting a compensatory mechanism for part of 
the ADHD pathology (Johnson, 2012) (see further below). We were unable to confirm the hypothesis that non-cortical dysfunctions are related to ADHD pathology.
 Confirming the neurodevelopmental theory, a developmental decrease in hyperactive/impulsive symptoms was associated with stronger integration of the 
ACC within the executive control network. This finding is in line with several studies 
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that have implicated prefrontal regions, including ACC, in ADHD. Specifically, hypo-activation of ACC during cognitively demanding tasks (Bush, 2010; Bush et al., 1999; Cortese et al., 2012; Hart et al., 2012), and aberrant connectivity of ACC during rest have been reported in participants with ADHD (for review see (Oldehinkel, Francx, Beckmann, Buitelaar, & Mennes, 2013)). Furthermore, the development of functional connectivity of ACC has also been demonstrated to be deviant in ADHD. While in healthy controls negative connectivity between ACC and precuneus increased with age, such a relationship was absent in participants with ADHD (Sun et al., 2012). Finally, our results are in line with the idea that the PFC of participants with ADHD 
is less flexible in recruiting other brain areas necessary to perform specific cognitive tasks (Fassbender & Schweitzer, 2006).  When grouping participants into the traditionally used persistent ADHD, remittent ADHD, and healthy control categories, we observed that participants with remittent 
ADHD exhibited significantly higher RSFC within the executive control network compared to healthy controls. The current pattern of results is more consistent with 
the presence of mechanisms that compensate for the ADHD deficit (Fassbender & Schweitzer, 2006; Johnson, 2012), than with the idea that participants with remittent ADHD would show connectivity similar to healthy controls (i.e. normalization). We 
propose that while hyper-connectivity would be inefficient for healthy controls, it 
might be an efficient mechanism to suppress ADHD symptoms related to higher order executive functioning in participants with ADHD. These results corroborate earlier 
findings suggesting prefrontal compensation during inhibition (Schulz, Newcorn, Fan, Tang, & Halperin, 2005; Suskauer et al., 2008). Although participants with persistent ADHD also showed a developmental decrease in symptoms, they did not exhibit 
significantly different RSFC from either the healthy controls or participants with remittent ADHD. The smaller decrease in symptoms in the persistent ADHD group 
compared to the remittent ADHD group may thus be associated with insufficient prefrontal compensation to cope with ADHD behavior. This interpretation highlights the importance of assessing ADHD from a dimensional perspective, in addition to the classic categorical approach to compare patient groups with healthy controls (Chabernaud et al., 2012; Insel et al., 2010; Lubke, Hudziak, Derks, van Bijsterveldt, & Boomsma, 2009; Polderman et al., 2007). A dimensional diagnostic approach has the advantage that there is no need to choose an arbitrary clinical threshold to 
define separate groups. However, an oversimplification of ADHD as an extreme on the behavioral axis may not be appropriate, as qualitative differences in dysfunction might also be present, e.g., involvement of different brain regions (Chabernaud et al., 2012). In contrast to our hypothesis and the Halperin and Schulz theory, we did not 
find support for non-cortical dysfunctions in ADHD. However, the theory does not 
formulate specifically which non-cortical dysfunctions or brain areas underlie ADHD. 
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We investigated cerebellar and subcortical RSFC, but it might be possible that non-
cortical deficits are to be found in even more basal brain structures such as the brain 
stem. This area of the brain, however, is difficult to image in high quality using fMRI due to cardiogenic noise (Beissner, Deichmann, & Baudrexel, 2011; Greitz et al., 1992). 
In addition, the absence of a deficit in non-cortical resting state connectivity does not 
imply the absence of any cerebellar or subcortical deficits, as other neural properties can be affected. For example, volumetric differences in cerebellar and subcortical regions have been related to ADHD pathology (Mackie et al., 2007; Seidman, Valera, & Makris, 2005; Valera et al., 2007). Furthermore, an increasing number of studies does 
not point to one core brain deficit in ADHD, but instead describes widespread neural abnormalities associated with the disorder (Bush, 2010; Coghill, Hayward, Rhodes, Grimmer, & Matthews, 2014; Durston, 2003; Fair, Bathula, Nikolas, & Nigg, 2012; Sonuga-Barke, 2005). This in turn, may underlie the heterogeneity of neurocognitive 
deficits in individuals with ADHD (Nigg, Willcutt, Doyle, & Sonuga-Barke, 2005; Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005). We followed a large and well-phenotyped sample of children over a period of 6 
years allowing us to test an influential neurodevelopmental theory (Halperin & 
Schulz, 2006). However, our findings should be interpreted in within the following boundary conditions. First, although diagnostic data were available at two time points, MRI measurements were available at follow-up only. Therefore, we can only speculate as to the RSFC status of participants at baseline. In any case and of note, we assessed cognitive functioning by neuropsychological tests at baseline and did not 
find differences between participants with remitting and persisting ADHD. We refer to the supplementary material accompanying this manuscript for further details on this analysis. Second, developmental changes in inattentive behavior were minimal, which could explain why RSFC was not related to changes in inattentive symptoms. A follow-up assessment at an older age might allow for larger changes in inattentive behavior. Third, the vast majority of participants with ADHD had a stimulant treatment history. 
As such it possible that long-term medication use might have influenced our results. However, in our sample, there was no difference in medication use between remittent and persistent ADHD cases. In addition, we attempted to exclude acute effects of medication on brain function as all participants withheld stimulant medication from 48 hours before the acquisition of the rfMRI scan. Further sensitivity analyses showed no association between the duration of medication use and the strength of the executive control RSFC. Finally, this was a hypothesis-driven study in which we 
specifically tested the neurodevelopmental model proposed by Halperin and Schulz (2006). This limited us to examine the selected networks; future research is warranted to investigate other networks, as ADHD has frequently been related to abnormalities in the default mode network connectivity (Broyd et al., 2009; Castellanos et al., 
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2008). Furthermore, a previous study investigating remission of ADHD revealed that participants with persistent ADHD showed abnormal connectivity between regions belonging to the default mode network (Mattfeld et al., 2014).   In summary, a greater developmental decrease in ADHD symptoms, and hyperactivity/impulsivity symptoms in particular, was associated with higher connectivity of frontal regions in the executive control network, indicating better 
integration within this network. This finding is in line with a developmental theory posited by Halperin and Schulz (2006) that proposes a compensatory role for prefrontal cortex in the symptomatic remission of ADHD. In contrast, we could not 
confirm the existence of aberrant non-cortical RSFC in ADHD, independent of current diagnosis. 
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Supplementary materials Chapter 2
Supplementary methods
Categorical analysis
To relate the findings of our main dimensional analysis to the commonly used clinical categories, we divided our sample into three groups. Groups were formed based on the scores from the Conners’ questionnaires at follow-up. Participants belonging to the persistent ADHD group, a) met the DSM-IV criteria for pervasiveness and impact of the disorder, b) showed an age of onset before 12 (following the proposed changes for the DSM-5; see Polanczyk et al., 2010), and c) received a T-score≥63 on both DSM hyperactive/impulsive and inattentive subscales of Conners’ ADHD questionnaire at both baseline and follow-up. ADHD participants not meeting criteria for persistence were categorized as remitted. Control participants were required to receive T-scores<63 on the two scales of each Conners’ ADHD questionnaire at both baseline and follow-up. Participants that did not meet the criteria were excluded. Using a categorical group analysis, we compared the RSFC of the executive control network for participants with persistent ADHD (n=74), remittent ADHD (n=55), and healthy controls (n=100), directly. Of note, when making the categorical groups based on the K-SADS diagnoses (only available at follow-up) and the Conners’ scale ratings, 
52 participants were identified as ADHD inattentive subtype, 11 as ADHD hyperactive/impulsive subtype, 47 as ADHD combined type, 11 as subthreshold ADHD, and 8 participants as unaffected.
Cognitive data at baselineIt is important to rule out eventual differences between prefrontal functioning of participants with remittent and persistent symptoms at follow-up that can be attributed to pre-existing (i.e., baseline) differences in prefrontal functioning. Since no MRI data at baseline are available, we compared both groups on baseline cognitive 
functioning on four tasks offline. We selected two tasks that are dependent on prefrontal functioning, i.e., working memory and inhibition, and two tasks dependent on non-cortical functioning, i.e., motor speed and accuracy and stability of movement (tasks are previously described in: Rommelse, Altink, Oosterlaan, et al., 2008; Rommelse et al., 2007; Rommelse, Van der Stigchel, et al., 2008). A short description 
of administered tasks is provided in Table S1. More specifically, we compared the remittent and persistent groups on raw maximal digit span (forward and backward), 
stop task (amount commission errors, stop signal reaction time, intrasubject coefficient of variability), baseline speed (mean and standard deviation) and pursuit (mean deviation left and right hand). Missing data ranged from 2% to 45% across tasks, data was excluded listwise from analyses. All analyses were corrected for age and gender.
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Supplementary table 1. Short description of tasks.
Task Description Measurement potential
Dependent 
variable
Digit span Subjects were required to 
reproduce a sequence of digits 
presented verbally in the same or 
reverse order
Verbal working 
memory
*Length of longest 
sequence
Stop task Subjects were presented with 
a picture of an airplane (go- 
stimulus) requiring participants 
to press a button (go trials). Stop-
trials were identical to the go trials 
but in addition a stop-signal was 
presented (drawing of a cross that 
was superimposed on the plane) 
requiring subjects to inhibit their 
response
Response inhibition *Number of 
commission errors
*Stop signal reaction 
time
*Intrasubject 
coefficient of 
variability
Baseline speed Subjects were required to push a 
button as fast as possible when 
the cue was presented
Speed and variability 
of motor output
*Mean speed
*Standard deviation of 
mean speed
Pursuit Subjects are required to track a 
unpredictable stable moving target
Motor control with 
continuos adaptation
*Precision (mean 
deviation from target 
in mm)
Supplementary results
We observed no significant associations between developmental changes in inattentive symptoms and RSFC of the executive control network. Supplementary Figure 1 shows RSFC of the executive control network extracted from the ROI where 
change in hyperactivity/impulsivity was significantly related to RSFC of the executive control network. Mean RSFC of the executive control network in this ROI is plotted as 
a function ofchange in inattention scores. Although not reaching significance, the same trend can be seen as for the change in hyperactive/impulsive symptoms, i.e., higher RSFC was associated with a larger decrease in inattentive behavior.
By plotting the individual datapoints representing the association between the RSFC in 
the significant region of the dimensional analysis and change in hyperactive/impulsive 
symptoms, two subjects showed high connectivity values. In supplementary figure 2 the results of the dimensional analysis are plotted without these two subjects showing that the effect remains present.
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Supplementary figure 1. RSFC of the executive control network as a function ofchange in inattention 
scores, not reaching significance. 
Supplementary figure 2. Significant associations between RSFC of the executive control network and 
change in hyperactive/impulsive scores: exclusion of two extreme subjects. Higher RSFC was associated 
with a larger decrease in hyperactive/impulsive behavior.
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Supplementary figure 3 shows that results were similar for different genders, scanner locations, participants with and without ODD/CD comorbidities, and in the ADHD group only. 
Supplementary figure 3. Significant associations between RSFC of the executive control network and 
change in hyperactive/impulsive scores: for gender, scanner location, ODD/CD comorbidities, and the 
ADHD group only. For each group higher RSFC was associated with a larger decrease in hyperactive/
impulsive behavior.
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Supplementary figure 4. RSFC of the executive control network as a function of age and duration of 
medication use.
Cognitive data at baseline
No significant differences were found in any of the four cognitive measures at baseline between participants with remittent and persistent ADHD symptoms (Supplementary Table 2).
Supplementary table 2. Comparison of performance on cognitive tasks at baseline 
between remittent and persistent ADHD groups.
TASK Remit Persist Test statistic p-value
Mean SD Mean SD
Digit span n=46 n=61
Maximal forward 5.22 1.094 5.20 1.181 F(1,102)=0.024 0.877
Maximal backward 3.91 1.226 3.87 1.103 F(1,102)=0.053 0.818
Stop task n=34 n=41
Commission errors 5.09 3.949 4.51 4.828 F(1,70)=0.044 0.835
SSRT 304.55 88.21 258.66 66.979 F(1,70)=1.338 0.251
ICV 0.24 0.039 0.23 0.043 F(1,70)=3.409 0.069
Baseline speed n=38 n=48
Mean 350.24 66.587 344.51 77.091 F(1,81)=0.234 0.630
SD of mean 125.10 75.597 161.41 129.160 F(1,81)=1.980 0.163
Pursuit - mean deviation n=38 n=49
Right hand 3.62 2.416 3.24 1.324 F(1,82)=0.927 0.339
Left hand 5.48 3.755 6.00 4.559 F(1,82)=0.674 0.414
SSRT: stop signal reaction time; ICV: intrasubject coefficient of variability; SD: Standard deviation
*p<.05, **p < .001. 
78
Categorical analysis of executive control networkTo relate the dimensional results to the more commonly used clinical diagnostic labels, we compared the three participant groups directly (persistent ADHD, remittent ADHD, and healthy controls). Participants with remittent symptoms showed 
significantly higher RSFC than healthy controls within the executive control network (Supplementary Figure 5). In line with the results of the dimensional analysis, regions 
showing significant differences between the remittent and control groups were 
identified as frontal medial cortex, cingulate, and paracingulate gyrus. In addition, results were more widespread than revealed by the dimensional analysis and also 
included caudate, putamen, and insula. No significant differences in executive control RSFC were found between the controls and persistent ADHD groups, or between the persistent and remittent ADHD groups. Post-hoc sensitivity analyses showed similar results with the three groups matched based on gender and no interactions were found between group and age.
.05 <.001
p-values
A. B.
Supplementary figure 5. Regions of the executive control network showing significant differences in 
RSFC between participants with remitting ADHD symptoms and healthy controls. Participants with 
remitting symptoms showed significantly higher RSFC than healthy controls. There were no significant 
differences between persisting ADHD and healthy controls.
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Supplementary figure 6. Regions of the executive control network showing significant differences in 
RSFC between participants with remitting ADHD symptoms and healthy controls: exclusion of extreme 
subjects. Participants with remitting symptoms showed higher RSFC than healthy controls. There were 
no significant differences between persisting ADHD and healthy controls
Dimensional Categorical Both
Supplementary figure 7. Visualization of the overlap of the significant results of (left) dimensional 
analysis and (middle) categorical analysis, and (right) both the dimensional and categorical analyses 
together revealing complete overlap.

CHAPTER 3
DEVELOPMENT OF 
ADHD SYMPTOMS 
AND WHITE MATTER 
MICROSTRUCTURE
In preparation Francx, W., Zwiers, M. P., Mennes, M., Hartman, C. A., Hoekstra, P. J., Franke, B., Beckmann, C. F., Buitelaar, J. K. (2016).
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Abstract
Background. The developmental trajectory of Attention-deficit/hyperactivity disorder (ADHD) is highly variable. While some individuals show remission of ADHD into adulthood, others do not. Up till now, little is known about the neurobiological mechanisms involved in remission of ADHD. Here, we investigated whether 
developmental changes in white matter microstructure reflect ADHD outcome.
Methods. A prospective longitudinal MRI study of 36 adolescents with ADHD and 33 without ADHD (mean age at baseline across all participants, 16.8 years). From each participant extensive diagnostic information and two MRI scans (baseline and follow-up, mean interval, 3.4 years) were collected. The developmental changes in white matter indices (FA and MD) across the entire white matter skeleton were compared between ADHD and non-ADHD groups. In addition, persistent (n=16) and remittent ADHD groups (n=20) formed based on the Conners score were compared directly. Furthermore, using a dimensional approach, we investigated whether changes in white matter microstructure were related to changes in ADHD symptoms.
Results. Overall, ADHD symptoms decreased over time. As expected, the remittent ADHD group showed fewer symptoms at follow-up than the persistent ADHD group. However, the remittent ADHD group had still more ADHD symptoms than the non-
ADHD group. Change in white matter microstructure did not significantly differ between participants with and without ADHD. Furthermore, change in ADHD score 
was not significantly related to the change in white matter microstructure as measured using FA and MD indices.
Conclusions. Although the amount of ADHD symptoms declined over time, no association with white matter development was found. White matter microstructure might not be the appropriate measure to assess neurobiological changes related to developmental changes in ADHD symptoms.
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Introduction 
Attention-deficit/hyperactivity disorder (ADHD) is a common neurodevelopmental 
disorder identified by age inappropriate levels of attention and/or hyperactivity and impulsivity. Although diagnosed during childhood, ADHD persists into adulthood in 20-40% of the cases (Faraone, Biederman, & Mick, 2006). Symptoms of hyperactivity and impulsivity decrease over time at a younger age and at a higher speed than inattentive symptoms (Biederman, Mick, & Faraone, 2000). Even though ADHD is 
defined as a neurodevelopmental disorder, the nature and developmental trajectory 
of the underlying neural deficits remain unclear. Abnormal brain development might already start very early in the prenatal or postnatal period, when cell proliferation and migration occur, continues during childhood together with synaptogenesis and synaptic pruning, and extends through adolescence into young adulthood when further myelination takes place  (Nelson & Bloom, 1997). Brain development does not occur at a linear pace or uniformly across the brain. In the healthy population, grey matter develops following a non-linear pattern that is characterized by an increase in brain volume and cortical thickness during childhood and a decrease in cortical thickness during adolescence (Gogtay et al., 2004; Reiss, Abrams, Singer, Ross, & Denckla, 1996). In contrast, the developmental trajectory of white matter is not yet fully known. White matter development continues over a prolonged period of time, with evidence for both linear and non-linear trajectories (Casey, Tottenham, Liston, & Durston, 2005; Giedd et al., 1999; Krogsrud et al., 2015; Lebel & Beaulieu, 2011; Paus et al., 1999). Recently, efforts are made to relate brain developmental trajectories to developmental changes in severity and phenotypic expression of psychiatric disorders. Functional MRI studies comparing remittent and persistent ADHD revealed reduced positive connectivity in the default mode network in persistent ADHD (Mattfeld et al., 2014). Furthermore, both remittent and persistent ADHD showed abnormal connectivity between dorsolateral (dlPFC) and medial PFC (mPFC). The authors speculated that as both groups also showed impaired executive functioning performance, this impairment might be directly related to the abnormal dlPFC-mPFC connectivity (Mattfeld et al., 2014). Another study investigating response preparation revealed in remittent ADHD greater cue-related connectivity fronto-thalamic regions than in persistent ADHD (Clerkin et al., 2013). Furthermore, a structural MRI study with longitudinal imaging data revealed an association between thinning of the medial and dorsolateral prefrontal cortex (PFC) and inattentive symptoms. Participants in remission showed a slower rate of medial/cingulated cortical thinning converging to healthy control levels with aging (Shaw et al., 2013). Next to cortical volume, also cerebellar volume has been associated with clinical outcome, with a worse clinical outcome relating to decreased cerebellar volume (Mackie et al., 2007). 
84
 Cross-sectional studies investigating white matter microstructure and development in ADHD report less inattention to be associated with lower FA in left uncinate and inferior fronto-occipital fasciculus (Shaw et al., 2015). Participants with remittent ADHD did not differ from healthy controls in these regions. However, another study showed that childhood ADHD is at adult age associated with lower FA in tracts involved in higher-level cognitive functions as well as sensory and motor functions, i.e., right superior and posterior corona radiata, superior longitudinal fasciculus and left posterior thalamic radiation, retrolenticular part of internal capsula and sagittal stratum (Cortese et al., 2013). Both remittent and persistent ADHD groups showed 
lower FA than healthy controls, indicating stable deficits independent of ADHD remission. Finally, in a previous cross-sectional study, we showed that a decrease in hyperactive/impulsive symptoms was associated with higher FA and lower MD in the corticospinal tract (Francx et al., 2015). Although informative, cross-sectional developmental studies allow only limited conclusions to be drawn as subjects are not individually tracked over time.  The relation between ADHD outcome and white matter brain connectivity has only been investigated using cross-sectional studies. Here, we applied a longitudinal design following a group of 36 adolescents with ADHD and 33 without ADHD over approximately 3 years. At two timepoints, all participants underwent a diffusion tensor imaging (DTI) scan and diagnostic evaluation. We applied two approaches to investigate the relation between development in white matter microstructure and ADHD. First, we applied an exploratory whole brain approach investigating whether the developmental changes in white matter microstructure were related to the changes 
in ADHD severity over time. Further, we specifically investigated changes in tracts connecting regions important for higher cognitive control, e.g., frontostriatal tracts, tracts that frequently have been reported as abnormal in ADHD (Cubillo, Halari, Smith, Taylor, & Rubia, 2012; Konrad & Eickhoff, 2010). 
Methods and Materials
ParticipantsParticipants were a subgroup of a large prospective longitudinal study, the International Multicenter ADHD Genetics (IMAGE) cohort, which was established from 2004-2006 (as described previously in Muller et al., 2011a; Muller et al., 2011b; Nijmeijer et al., 2009; Rommelse et al., 2008).
 At first enrolment (baseline or t0), participants with ADHD combined type were recruited from outpatient psychiatric or pediatric clinics in The Netherlands. Participants from control families were recruited from schools and did not meet 
criteria for ADHD, neither did their first-degree relatives. Further inclusion criteria for 
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both groups were an IQ≥70, European Caucasian descent, and no diagnosis of autism, 
epilepsy, general learning difficulties, brain disorders, or known genetic disorders (such as Fragile X or Down syndrome). Extensive diagnostic, neurocognitive, and genetic data was collected at the VU Amsterdam or at the Radboudumc in Nijmegen. All participants were invited to participate in two follow-up studies during which the 
same protocol was followed and enriched with MRI data. The first follow-up study (t1 or NeuroIMAGE) occurred between 2009-2011 (as described in (von Rhein et al., 2014)), three years later (mean follow up=3.39 years, SD=0.51) participants from Nijmegen were re-invited (t2 or NeuroIMAGE 2). All participants gave informed consent and the study was approved by local ethical committees.  For current analyses, we selected participants that had complete longitudinal diagnostic data and DTI scans at both t1 and t2. In total this were 84 participants. We excluded participants with DTI scans of bad quality (e.g., signal drop out, image blur) after visual inspection (n=9, of which 1 control) and participants with high head-motion (n=6, of which 2 controls). In our final analyses we thus included 36 participants with ADHD combined type at baseline and 33 participants without ADHD at baseline. The latter included healthy controls and unaffected siblings of participants with ADHD (i.e. who never showed clinical ADHD symptoms themselves).
Diagnostic assessmentTo determine ADHD diagnoses at each measurement, all participants in the study were similarly assessed using a combination of Conners’ ADHD questionnaires and a semi-structured diagnostic interview. The diagnostic interview changed from the Parental Account of Children’s Symptoms (PACS (Taylor, Schachar, Thorley, & Wieselberg, 1986)) at t0 to the Dutch translation of the Schedule for Affective Disorders and Schizophrenia for School-Age Children (K-SADS (Kaufman et al., 1997)) at t1 and t2. As all participants were at each measurement similarly assessed by a parent-rated Conners’ questionnaire (Conners’ Parent Rating Scale - Revised: Long version (CPRS-R:L); Conners, Sitarenios, Parker, & Epstein, 1998),  we used this questionnaire data for current longitudinal analyses. Two Conners’ scales were used: DSM-Inattentive behavior (scale L of the CPRS-R:L) and DSM-Hyperactive/Impulsive behavior (scale M of the CPRS-R:L) scales. Scores on the Conners’ questionnaires were highly correlated with symptoms counted based on the K-SADS at t1 (for inattention r=0.77; for hyperactivity/ impulsivity r=0.76). For participants using medication, the participants’ functioning was rated when off medication. 
 Comorbidity with oppositional defiant disorder (ODD) and conduct disorder (CD) were assessed using the K-SADS at t1. Initially only the screening interview was administered, thereafter participants with elevated scores on any of the screen items were also administered the full section.  
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Diffusion tensor imaging and (pre)-processingMRI data were acquired at the Donders Centre for Cognitive Neuroimaging in Nijmegen, The Netherlands with a 1.5T AVANTO scanner (Siemens, Erlangen, Germany) equipped with an 8-channel phased-array head coil. At t1 and t2 exact the same procedure was followed. For each participant, whole brain diffusion-weighted images were collected (twice refocused PGSE EPI; 60 diffusion-weighted directions; b-factor 1000s/mm2; 5 non-diffusion-weighted images; interleaved slice acquisition; TE/TR=97/8500ms; GRAPPA-acceleration 2; phase full Fourier; voxelsize 2.0x2.0x2.2mm). All DTI-scans 
were visually inspected to assess quality of the data. When the quality was insufficient the data of the subject was excluded. DTI images were realigned and corrected for 
residual eddy-current (SPM8; http://www.fil.ion.ucl.ac.uk/spm, London, UK) using 
affine transformations and mutual information as a cost function. Artifacts from head and/or cardiac motion were corrected using robust tensor modeling (PATCH (Zwiers, 2010)). Diffusion tensors and derived FA and MD values were calculated for each voxel. 
White matter skeleton analysisThe group analysis of diffusion parameters was performed using Tract-Based Spatial Statistics (FSL-TBSS (Smith et al., 2006)). FA images of each participant were nonlinearly registered to the FMRIB-58_FA template (MNI152-space). Subsequently, a group mean FA-image across all subjects and all time points was created to produce a mean skeleton map of WM-tracts. Finally, FA and MD parameters of each subject 
were projected onto the group skeleton, which was thresholded at FA≥0.2 to exclude peripheral tracts (Smith et al., 2006). White matter maps of the two time points were subtracted to investigate the change in white matter microstructure over time. Non-parametric permutation tests (5000 random permutations; FSL-randomise) were conducted voxel-wise on the whole brain WM-skeleton, while resulting p-values were corrected for multiple comparisons (p<0.05). 
Fronto-striatal ROI analysis
Next to an exploratory whole brain analysis, we specifically examined cortico-striatal tracts. The selected ROIs were derived from our previous study on the effect of stimulant treatment on fronto-striatal connectivity (Schweren et al., under review). In this study, we delineated three fronto-striatal white matter tracts and extracted mean FA and MD values for each hemisphere separate. The dlPFC-striatal, mPFC-striatal, and orbitofrontal-striatal tracts were reconstructed using probabilistic tractography (Probtrackx2). For further explanation we refer to the Supplementary material.
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Statistical analysisDemographic between-group differences were tested using F-tests for continuous variables and X²-tests for categorical variables. For the MRI analyses, two general linear models (GLMs) were built i.e., one for a categorical analysis and one for a dimensional analysis. FA or MD values were taken as dependent variable, change in hyperactivity/impulsivity or inattentiveness as independent variable and gender and age as covariates of no interest. All comparisons were conducted using non-parametric randomization techniques (applying 5000 permutations, FSL-Randomize) with threshold-free cluster enhancement (FSL-TFCE (Smith & Nichols, 2009)). Statistical 
significance was determined by means of a family-wise error (FWE) threshold of p<.05, corrected for multiple comparisons. 
Categorical analysis: Is change in white matter microstructure different in ADHD 
and non-ADHD groups?To investigate whether ADHD and non-ADHD participants show a different developmental pattern of white matter microstructure, we compared the voxelwise change over time in FA and MD between ADHD and non-ADHD groups. Furthermore, we divided the participants with ADHD into persisters (n=16) and remitters (n=20) based on the ADHD Conners score (T>63: compatible with the DSM-IV-TR (American Psychiatric Association., 2000)) at t2. FA and MD changes over time were compared between the three groups using an ANCOVA with gender and age as covariates of no interest.
Dimensional analysis: Is change in ADHD score related to changes in white 
matter microstructure?To investigate whether change in ADHD score co-occurs with change in white matter microstructure, we tested whether voxelwise changes in FA and MD were related to changes in hyperactive/impulsive and/or inattention symptoms. Therefore, univariate linear regressions were run with FA or MD values as dependent variable, symptom change as predictor variable and gender and age as covariates of no interest. We tested this within the ADHD group only and in addition, across all participants.
Results
Clinical outcomeDemographic and descriptive data are presented in Table 1. A repeated measures 
ANOVA determined that mean ADHD score differed significantly between time points, Wilks’ Lambda=0.028, F(4,246)=306.877, p<.001. Post-hoc paired samples t-tests 
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indicated significant differences between t0 (M=63.41, SE=2.05) and t2 (M=56.44, SE=1.17) and between t1 (M=60.537, SE=1.85) and t2. The interaction between time 
and group was significant [Wilks’ Lambda=0.799, F(4, 250)=3.646, p<.001]. At none of the time points unaffected siblings differed from healthy controls. Persistent and remittent ADHD groups did not differ at baseline, but evolved to be different by t2 (Table 1).
Table 1. Demographic and clinical characteristics of the ADHD remittent, ADHD persistent, 
non-ADHD groups.
General Persist 
(n=16)
Remit 
(n=20)
Non-ADHD 
(n=33)
Test Statistic Post-Hoc
Gender, % male 15 93.8% 10 50.0% 19 57.6% X2(2)= 8.414 -
Handedness, % right handed 14 87.5% 18 90.0% 29 87.9% X2(2)=3.687 -
Follow-up interval t1-t2, years 3.44 0.50 3.46 0.41 3.39 0.51 F(2,66)=0.567 -
T0: IMAGE
Age 9.91 2.70 11.48 3.03 12.25 3.09 F(2,66)=3.297 -
Hyperactive/impulsivea 73.44 11.39 68.85 16.96 48.70 7.18 F(2,66)=31.554** P=R>N
Inattentive symptomsa 64.75 11.14 65.20 13.75 46.52 5.74 F(2,66)=29.838** P=R>N
T1: NeuroIMAGE
Age 15.68 2.52 17.14 2.96 17.59 3.20 F(2,66)=2.208 -
Hyperactive/impulsivea 68.38 11.68 60.42 14.03 47.24 5.10 F(2,66)=27.082** P=R>N
Inattentive symptomsa 68.63 8.83 57.84 12.41 47.44 7.51 F(2,66)=27.793** P>R>N
T2: NeuroIMAGE 2
Age 19.13 2.36 20.60 2.85 20.91 3.03 F(2,66)=2.196 -
Hyperactive/impulsivea 72.19 10.21 52.65 7.51 44.97 3.14 F(2,66)=89.469** P>R>N
Inattentive symptomsa 68.94 70.2 50.85 6.75 43.58 5.55  F(2,66)=88.577** P>R>N
Note: all data are mean or % and standard deviation or number.
a Conners questionnaires, standardized T-score. Range min. 40 to max. 90 (≥63 is clinical threshold).
P=Persist, R=Remit, N=Non-ADHD
*p<.01, **p < .001.
Longitudinal DTI data
The effect of time A voxelwise comparison of the two time points across all participants did not reveal 
any statistically significant differences in FA values (p>0.05). The mean FA change in 
the skeleton was relatively small (M=0.003, SD=0.014). MD changed significantly over time in widespread areas of the skeleton (Figure 1), but the mean change over the 
skeleton, although significant, was small (M=0.00001, SD=0.00001) (Figure 2). 
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Figure 1. Change in mean diffusion over time plotted on top of the white matter skeleton. 
The interaction effect of group and time
Categorical analysisNext, we examined the differences between ADHD and non-ADHD groups in white matter microstructure development (Figure 2, 3, and 4). Neither the developmental change in 
FA, nor MD differed significantly between ADHD and non-ADHD groups. In addition, 
when splitting the ADHD group up into remittent and persistent ADHD, no significant differences were found in white matter development between the three groups.
 Based on previous literature, we specifically investigated cortico-striatal tracts (Cubillo et al., 2012; Konrad & Eickhoff, 2010). Therefore, we extracted mean FA and MD values from the reconstructed tracts, i.e., dorsolateral prefrontal-striatal, medial prefrontal-striatal, and orbitofrontal-striatal tracts. Developmental changes of FA or 
MD within these tracts were not significantly different between ADHD and non-ADHD 
groups. No significant interactions between age and group or gender and group were 
found, and no significant main effect of age (correcting for group) was found. 
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Figure 2. Values of white matter indices at t1 (Green) and t2 (Blue) plotted for the ADHD group (Left) and 
for the non-ADHD group (Right).
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Dimensional analysisFinally, we investigated the association between developmental changes in white matter microstructure and the change in ADHD scores. The changes in ADHD scores 
over time were not significantly associated with the change in FA or MD across all participants. Furthermore, no associations were found when we tested this within the ADHD group only. 
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Figure 3. Change in white matter microstructure over time. Mean DTI indices of the white matter skeleton 
plotted as a function of age, with two measure points for each participant plotted for the ADHD group 
(Left) and the non-ADHD group (Right).  
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Figure 4. Change in white matter microstructure plotted as in Figure 3, except that values are normalized 
with respect to t1.  
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DiscussionHere, we investigated whether developmental changes in white matter microstructure over adolescence and early adulthood differ between participants with and without ADHD. Furthermore, we investigated whether white matter development was related to the developmental changes in severity of ADHD symptoms. Therefore, we used a prospective longitudinal study with DTI scanning at two time points during adolescence. Overall, ADHD symptoms decreased over time. While ADHD symptoms of persistent and remittent ADHD groups were equal at baseline, by the second 
follow-up the remittent ADHD group showed significantly lower symptoms. However, at both time points both ADHD groups had more ADHD symptoms than the non-ADHD group. Despite the change in ADHD score over time, change in white matter microstructure was not found to be different between participants with and without ADHD. Furthermore, change in ADHD score was not found to be related to the change in white matter microstructure as measured using FA and MD indices. The developmental change in ADHD symptoms reported here is in line with previous studies. These studies showed the complex interaction of various factors (e.g., comorbidities, familiarity, and age) on the remission rate, and most importantly 
the influence of the definition of remission (Biederman et al., 1996; Biederman et al., 2000). Biederman et al. (2000) reported more than 60 percent syndromatic remission (i.e., not meeting the full diagnostic criteria for ADHD) by the age of 18-20 years old. In the current study, we report syndromatic remission percentages of 56% based on parent-rated Conners’ questionnaires.  Although the developmental change in ADHD symptoms was clearly observable, at the level of white matter microstructure developmental change was limited. More 
specifically, no developmental changes were observed in FA, whereas small changes mainly localized in frontal and limbic regions were observed in MD. These regions, 
and more specifically cortico-subcortical, fronto-temporal, and limbic tracts, are also reported in cross-sectional DTI studies investigating white matter development during and beyond adolescence (Asato, Terwilliger, Woo, & Luna, 2010; Tamnes et al., 2010). In addition, a longitudinal study showed ongoing development of cortico-limbic association tracts into adulthood, completed maturation of fronto-cortical and –subcortical tracts by the age of 16, and completed development of projection tracts by late childhood (Simmonds, Hallquist, Asato, & Luna, 2014). Importantly, that study points out that white matter development of prefrontal regions (and other late-maturing regions) does not follow a linear trajectory, but rather accelerated development during childhood reaching a plateau during adolescence and accelerating again during early adulthood. In our sample, developmental changes in white matter 
were not found to be dependent on age (see figure 4 and 5). One could attribute this to 
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the size of the change in white matter microstructure in our sample in general, which 
was not significantly present in FA and rather small in MD. Although the developmental change in ADHD symptoms was clearly observable and developmental changes were present in MD, we were unable to determine a relationship between  change in ADHD symptoms and change in white matter microstructure. This indicates that the biological change in the white matter does not have a meaningful impact on the change in severity of ADHD symptoms over time. In other words, white matter might not be a suitable biomarker to characterize the 
development of ADHD over age. In line with the dimensional association findings, the developmental changes in white matter did not differ between categorical ADHD (persistent and/or remittent) and non-ADHD groups. 
 To the best of our knowledge, no previous studies have reported findings concerning the link between the developmental changes in ADHD pathology and developmental changes in white matter microstructure. Cross-sectional DTI studies investigating developmental changes in ADHD reported lower FA in tracts implicated during high-level as well as sensorimotor functions in ADHD (independent of current diagnosis) (Cortese et al., 2013). Of note, in this sample the mean follow-up age was 41 year old, whereas our sample, in contrast, had a mean follow-up age of 20 years old. Furthermore, although this study used a 3T scanner, only 6 diffusion weighted directions were collected, limiting the precision of the assessment of the diffusion tensor. Another cross-sectional study reported abnormal white matter microstructure in tracts related to attentional control and hot cognitive-affective processes in persistent ADHD (Shaw 
et al., 2015). More specifically, effects of decreased FA were mostly driven by diffusion perpendicular to the axon (radial) and related to persistence of inattentive symptoms. In contrast to present study, this study did not use a voxelwise whole brain approach, but investigated 11 a priori selected tracts. Finally, in a previous cross-sectional study we showed that, across 101 participants with childhood ADHD, a decrease in hyperactive/impulsive symptoms was related to white matter microstructure of the corticospinal tract at follow-up (Francx et al., 2015). These participants belonged to the same cohort as participants described in present study, however, in present study a second MRI follow-up was added to the data. Using longitudinal MRI data (from t1 and 
t2), we could not replicate the findings revealed by cross-sectionally investigating the change from t0 to t1. A possible reason might be found in the developmental trajectory of white matter microstructure in the corticospinal tract of healthy partcipants. Previous studies in healthy participants showed that white matter develops more in childhood and reaches a plateau in early adulthood (Lebel & Beaulieu, 2011). With a mean age of 20 years old, our second follow-up might cover this age range. 
 This is the first longitudinal DTI study in an adolescent ADHD sample. Longitudinal studies have the advantage over cross-sectional studies that individual development 
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can be followed, avoiding the extrapolation of inter-individual to intra-individual development. Furthermore, no retrospective recall of ADHD symptoms is necessary. Limitations of the current study are that there was some variation in informants and measures which is often inevitable in longitudinal studies that span a wide age range. However, we consistently used the Conners’ Parent-rated questionnaires obtained at each time point for our dimensional analyses. Though diagnostic interviews might be more accurate, at t1 the correlation between the Conners’ T scores and the K-SADS diagnostic interview was high (r=0.7). Secondly, a larger sample size might allow for more sensitivity for small developmental effects. Finally, in longitudinal studies 
the difference between developmental change and measurement error is difficult to assess. However, while the change in DTI indices over time was relatively small, we can assume that the measurement error was small too. In conclusion, we did not observe a relation between developmental changes in ADHD symptoms and changes in white matter microstructure. As discussed, this might indicate that white matter microstructure is not a sensitive measure to assess the neurobiological process that is related to changes of ADHD symptoms over time. The absence of this association needs to be interpreted with caution and our results should be replicated in another sample.
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ABSTRACT
Background. Magnetic resonance imaging (MRI) is able to provide detailed insights into the structural organization of the brain, e.g., by means of mapping brain anatomy and white matter microstructure. Understanding interrelations between MRI modalities, rather than mapping modalities in isolation, will contribute to unraveling 
the complex neural mechanisms associated with neuropsychiatric disorders as deficits detected across modalities suggest common underlying mechanisms. Here, we conduct 
a multimodal analysis of structural MRI modalities in the context of attention-deficit/hyperactivity disorder (ADHD). 
Methods. Gray matter volume, cortical thickness, surface areal expansion estimates, and white matter diffusion indices of 129 participants with ADHD and 204 participants without ADHD were entered into a linked independent component analysis. This data-driven analysis decomposes the data into multimodal independent components 
reflecting common inter-subject variation across imaging modalities. 
Results. ADHD severity was related to two multimodal components. The first component revealed smaller prefrontal volumes in participants with more symptoms, co-occurring with abnormal white matter indices in prefrontal cortex. The second component demonstrated decreased orbitofrontal volume as well as abnormalities in insula, occipital, and somato-sensory areas in participants with more ADHD symptoms. 
Conclusions. Our results replicate and extend previous unimodal structural MRI 
findings by demonstrating that prefrontal, parietal, and occipital areas, as well as fronto-striatal and fronto-limbic systems are implicated in ADHD. By including multiple modalities, sensitivity for between-participant effects is increased, as shared 
variance across modalities is modeled. The convergence of modality-specific findings in our results suggests that different aspects of brain structure share underlying pathophysiology and brings us closer to a biological characterization of ADHD. 
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INTRODUCTION
Attention-Deficit/Hyperactivity Disorder (ADHD) is a neurodevelopmental disorder that consistently has been related to abnormalities in brain structure. Magnetic resonance imaging (MRI) provides insights into brain morphology and white matter mesostructure by means of high-resolution anatomical imaging and diffusion-weighted imaging. To date, analyses have focused on each data modality separately, thus limiting conclusions to the modality analyzed. Recent advances in analytic techniques support integration of different data modalities, allowing for a simultaneous multimodal characterization of the biological markers associated with neuropsychiatric disorders (Groves, Beckmann, Smith, & Woolrich, 2011). Focusing on single data modalities, ADHD has been associated with decreased cortical thickness of regions implicated in attentional processing and cognitive control, including the frontal lobe and anterior cingulate cortex (ACC) (Castellanos et al., 2002; Narr et al., 2009). In addition, maturation of cortical thickness is delayed in ADHD 
compared to controls, with a maturational lag of up to five years in the prefrontal cortex (Shaw et al., 2007). Cortical surface area (relative amount of areal expansion or compression) exhibits a similar developmental delay (Shaw et al., 2012). Yet, although 
anomalies in prefrontal cortical thickness in ADHD are consistent, divergent findings outside the prefrontal cortex have been reported. These include thinner bilateral medial temporal cortices and increased cortical thickness in left superior parietal cortex (Narr et al., 2009). Brain volumetric analyses have associated ADHD with a 3-5% smaller total brain and gray matter volume compared to controls (Castellanos et al., 2002; Greven et al., 2015). Further, voxel-based morphometry (VBM) analyses in ADHD support results of 
smaller prefrontal volumes, more specifically of ACC (Frodl & Skokauskas, 2012), and 
reveal smaller volumes across several specific brain regions, most consistently in basal ganglia, thalamus, cerebellum, and amygdala (Frodl & Skokauskas, 2012; Mackie et al., 2007; Nakao, Radua, Rubia, & Mataix-Cols, 2011; Plessen et al., 2006).  Alterations in the brain’s white matter have frequently been reported in ADHD. While diffusion indices describe different aspects of white matter microstructure (e.g., fractional anisotropy [FA]; mean diffusivity [MD]; tensor mode [MO]), studies 
concerning ADHD have mainly focused on FA. Yet, the reported findings have been heterogeneous and widespread throughout the brain, possibly because of region of interest approaches, variation in analysis techniques, and small sample sizes. A recent meta-analysis reported altered FA associated with ADHD in the tracts of the fronto-striatal-cerebellar circuit (van Ewijk, Heslenfeld, Zwiers, Buitelaar, & Oosterlaan, 2012). 
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 The heterogeneity of imaging-based findings in ADHD, as described above, 
negatively impacts on our ability to interpret modality-specific results in the biological context of underlying pathophysiology. This is largely due to the isolated picture of brain abnormalities that is provided by unimodal univariate analyses. Recently developed analysis techniques allow integrative analyses across imaging modalities 
(Groves et al., 2011). Analyzing data in a multimodal way allows identification 
of co-occurring changes across brain measures, potentially reflecting shared pathophysiology and etiological processes. Importantly, this integrative approach 
does still allow for unimodal findings to be identified (Groves et al., 2012). Analyses integrating modalities add up to more than the sum of the modalities, as the integration of metrics increases sensitivity for between-participant effects by providing improved modeling of shared variance across modalities (Groves et al., 2012). While moving from uni- to multi-modal analysis permits the simultaneous characterization across different aspects of biological change measured by different MR modalities, the uni- to multi-variate change permits the simultaneous characterization across different brain areas, i.e., within distributed networks. Here, we conducted a multivariate multimodal analysis in a large and well-characterized ADHD sample through combining gray matter probability, cortical thickness, surface area volume estimates, and white matter diffusion indices.
MATERIALS AND METHODS
SampleWe included 333 participants from the NeuroIMAGE study (www.neuroimage.nl) (von Rhein et al., 2014), the Dutch follow-up of the International Multicenter ADHD Genetics (IMAGE) study (Muller et al., 2011a, 2011b). Participants with ADHD combined type and their siblings (regardless of ADHD diagnosis) were recruited from outpatient psychiatric or pediatric clinics. Control families were recruited from schools and did 
not meet criteria for ADHD, neither did their first-degree relatives. Further inclusion 
criteria in IMAGE were an IQ≥70, European Caucasian descent, and no diagnosis of 
autism, epilepsy, general learning difficulties, brain disorders, or known genetic disorders (such as Fragile X or Down syndrome). Diagnostic, neurocognitive, MRI, and genetic data for NeuroIMAGE were collected at the VU University Amsterdam and Radboudumc Nijmegen. All participants and their parents (in case of participants below 18 years of age) gave informed consent and the study was approved by local ethical committees. For the current analyses we selected all participants that had both diffusion tensor imaging (DTI) and structural T1 scans of good quality as assessed by visual inspection (n=333). Participants were divided into two groups based on 
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the presence of an ADHD diagnosis (129 ADHD and 204 non-ADHD; Table 1). There were no differences between the participants included in the current analysis and the complete NeuroIMAGE sample on measures of ADHD severity, age, and gender (p>.05). 
Table 1. Demographic and clinical characteristics.
ADHD 
(n=129)
Non-ADHD 
(n=204) Test Statistic
Demographic
Age, mean, SD 17.8 3.2 17.3 3.5 t(331)=-1.378
Gender, number, % male 90 69.8% 84 41.2% X2(1)= 25.893**
Scan site, number, % in Nijmegen 68 52.7% 97 47.5% X2(1)= 0.843
Estimated IQ1, mean, SD 96.9 15.6 103.0 13.1 t(328)=3.794**
History of medication use (yes/no), number, % yes 2 94 84.7% 15 8.6% X2(1)=166.011**
Clinical
Hyperactive/impulsive symptoms3 5.6 2.4 0.7 1.3 t(331)=-24.348**
Inattentive symptoms3 7.3 1.6 0.9 1.7 t(331)=-34.624**
Comorbid ODD, number, % 35 27.1% 5 2.5% X2(1)= 45.547**
Comorbid CD, number, % 6 4.7% 0 0% X2(1)= 8.163*
1 Estimated IQ based on Wechsler Intelligence Scale for Children or Wechsler Adult Intelligence Scale–III 
Vocabulary and Block Design. IQ is missing for 2 ADHD cases and 1 non-ADHD.
2 History of stimulant medication use (based on pharmacy reports) is missing for 48 participants.
3  Symptom count according to the DSM-IV criteria (range from 0 to 9).
 ODD=oppositional defiant disorder, CD=conduct disorder
*p<.01, **p < .001. 
DiagnosticsTo determine ADHD diagnoses, all participants were assessed using a combination of a semi-structured diagnostic interview and Conners’ ADHD questionnaires. Participants were administered the ADHD section of the Schedule for Affective Disorders and Schizophrenia for School-Age Children - Present and Lifetime Version (Kaufman et al., 
1997), carried out by trained professionals. Both the parents and the child, if ≥ 12 years old, were interviewed separately and were initially only administered the ADHD screening interview. Participants with elevated scores on any of the screen items were administered the full ADHD section. Further each child was assessed with a teacher-rating (Conners’ Teacher Rating Scale - Revised: Long version (CTRS-R:L); Conners, Sitarenios, Parker, & Epstein, 1998; applied for children < 18 years) or a self-report (Conners’ Adult ADHD Rating Scales - Self-Report:Long Version (CAARS-S:L); Conners, 
Erhardt, & Sparrow, 1999; applied for children ≥ 18 years). A diagnostic algorithm was applied to combine symptom counts on the K-SADS and CTRS-R:L (for participants < 18 
years) or CAARS-S:L (for participants ≥ 18), providing operational definitions of each 
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of the 18 behavioral symptoms of ADHD defined by the DSM-IV (American Psychiatric Association, 2000). Symptoms of the CTRS-R:L or CAARS-S:L were only used in the algorithm if at least 2 symptoms were reported on this questionnaire. Participants 
with a combined symptom count of ≥ 6 symptoms of hyperactive/impulsive behavior and/or inattentive behavior were diagnosed with ADHD, provided they: a) met the DSM-IV criteria for pervasiveness and impact of the disorder (measures derived from the K-SADS), b) showed an age of onset before 7, derived from the K-SADS, and c) received a T ≥ 63 on at least one of the DSM ADHD scales on either one of Conners’ 
ADHD questionnaires. Criteria were slightly adapted for young adults (≥ 18 years), 
such that a combined symptom count of 5 symptoms was sufficient for a diagnosis (Kooij et al., 2005), also in accordance with the ADHD algorithm in DSM-5. Participants not meeting the criteria for an ADHD diagnosis were assigned to the non-ADHD group. 
For participants using stimulant medication, participants were asked to fill out the questionnaires keeping a period of time when they were off medication in mind. For the testing day, participants were asked to withhold the use of psychoactive medication for 48 hours before visit.
 Comorbidity with oppositional defiant disorder (ODD) and conduct disorder (CD) was assessed using the K-SADS. Initially only the screening interview was administered, thereafter participants with elevated scores on any of the screen items were also administered the full section.
MRI AcquisitionMRI scans were acquired at two different locations (Donders Centre for Cognitive Neuroimaging in Nijmegen, The Netherlands and VU University Medical Centre in Amsterdam, The Netherlands), using two comparable 1.5 Tesla MRI scanners (Siemens Sonata/Avanto, Erlangen, Germany), identical 8-channel head-coils, and matched scan protocols. For each participant we obtained a high-resolution T1-weighted MPRAGE 
anatomical scan (176 sagittal slices, TR = 2730 ms, TE = 2.95 ms, TI=1000 ms, flip angle 
= 7 deg, GRAPPA 2 acceleration, voxel size = 1.0 x 1.0 x 1.0 mm, field of view = 256 mm). In addition, whole brain diffusion-weighted images were collected (twice refocused PGSE EPI; 60 diffusion-weighted images; b-factor 1000 s/mm2; 5 non-diffusion-weighted images; 60 slices interleaved; TE/TR=97/8500 ms; GRAPPA-acceleration 2; voxel size 2.0x2.0x2.2 mm).
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MRI Processing
Measures of gray matter structure
Cortical thickness and areal expansionWe extracted cortical thickness and areal expansion estimates using Freesurfer v5.3 software (http://surfer.nmr.mgh.harvard.edu/; (Dale, Fischl, & Sereno, 1999; Fischl, Sereno, & Dale, 1999)). FreeSurfer is a fully automated technique to create a 3D reconstruction of the cortical sheet that uses both intensity and continuity information. Cortical thickness was calculated as the closest distance from the gray/white boundary to the gray/CSF boundary at each vertex on the surface (Fischl & Dale, 
2000). Surface area was defined as the relative amount of expansion or compression at each vertex and was estimated by registering each subject’s surface to a common atlas space surface. Surface maps were resampled, mapped to a common coordinate system using a non-rigid high-dimensional spherical averaging method to align cortical folding patterns (Fischl et al., 2008). After bringing the Freesurfer data onto the high-resolution average subject surface (fsaverage), data were projected onto the low-resolution template (fsaverage5: 4 mm voxels) for computational reasons. A 10 mm FWHM surface-based smoothing kernel was applied.
VBMEach participant’s T1-weigthed scan was normalized to Montreal Neurological 
Institute (MNI) 152 standard space, bias-field corrected and segmented into gray 
matter, white matter, and cerebrospinal fluid using the unified procedure of the VBM 
8.1 toolbox (http://dbm.neuro.uni-jena.de/vbm/) in SPM8 (http://www.fil.ion.ucl.ac.uk/spm, London, UK) using default settings. This method uses an optimized VBM protocol (Ashburner & Friston, 2000; Good et al., 2001) as well as a model based on Hidden Markov Random Fields developed to optimize the detection of effects (Cuadra, Cammoun, Butz, Cuisenaire, & Thiran, 2005). Correction for total brain volume was incorporated in the analysis (modulated analysis). Regional volumes of gray matter, white matter, and CSF were estimated. Morphometric analysis of white-matter, however, is known to be sensitive to misalignments during spatial normalization (Bookstein, 2001; Jones, Symms, Cercignani, & Howard, 2005; Smith et al., 2006). Therefore, the VBM analysis focused on the gray matter segmentation only and we used Tract-based Spatial Statistics (TBSS) to assess white matter microstructure (see next paragraph). Gray matter segmented images were modulated to correct for local expansion or contraction. Generally, Jacobian modulated gray matter values are referred to as gray matter volume, while unmodulated images are referred to as gray matter density maps (Eckert et al., 2006). The latter density maps are sensitive to poor 
registration as they reflect the proportion of gray matter relative to other tissue types 
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within a region. Thus, here, we focus on gray matter volume estimates to investigate grey matter values. Images were smoothed with a 9.4 mm FWHM Gaussian smoothing kernel (sigma=4 mm). Data were down-sampled from 2 mm to 4 mm isotropic for computational reasons. 
Measures of white matter microstructureDTI images were denoised, realigned, and corrected for residual eddy-current (SPM8) and for artifacts from head and/or cardiac motion using robust tensor modeling (PATCH (Zwiers, 2010)) and for magnetic susceptibility induced distortions (Visser, 2010). Diffusion tensors and derived FA, MD, and MO values were calculated for each 
voxel (FSL 4.1.7; (Behrens et al., 2003)). FA quantifies anisotropy of diffusion, with higher FA values indicative of larger directed diffusion (Basser, Mattiello, & LeBihan, 1994). MD measures the overall magnitude of diffusion with higher values indicating stronger diffusion. MO has been less often reported in the DTI literature; nevertheless, 
it is a valuable addition to FA and MD as it reflects the shape of the diffusion tensor. MO is mathematically orthogonal to FA and ranges from planar (e.g., in regions with 
crossing fibers) to linear (when one fiber direction dominates). Using Tract-Based Spatial Statistics (FSL-TBSS), FA volumes were skeletonized (Smith et al., 2006) and nonlinearly registered to the FMRIB-58_FA template (MNI152-space). Subsequently, a group mean FA-image was created to produce a mean skeleton. Finally, each diffusion parameter (FA, MD, MO) of each participant was projected onto 
the group skeleton, thresholded at FA≥0.2 to exclude peripheral tracts (Smith et al., 2006). To reduce computational complexity, the resolution of the skeleton was reduced from 1 mm to 2 mm isotropic voxel size and renormalized.
Linked independent component analysis Linked independent component analysis (linked ICA, (Groves et al., 2011) is a data-driven approach aimed at relating common components across multiple imaging modalities. Linked ICA is based on the general ICA model (Hyvarinen & Oja, 2000; Jutten & Herault, 1991), a technique that given a multivariate set of mixed signals, searches for non-Gaussian sources that provide a new set of statistically independent signals. While the traditional ICA algorithms perform a matrix factorization, there exist extensions such as tensor ICA (Beckmann & Smith, 2005) which allow for three dimensional factorizations and, thus, are able to deal with input data composed of different modalities. Tensor-ICA, however, cannot directly deal with data modalities that have different dimensionalities, i.e. where the number of observations between modalities change due to differences in, e.g., resampling. By applying separate ICA decompositions on individual data modalities with different dimensions, linked ICA 
105
4
M
ul
tim
od
al
 M
RI
 a
lte
ra
tio
ns
 in
 A
D
H
D
allows to jointly model these complex input data. Importantly, linked ICA constrains all decompositions to be linked through the same shared subject-courses. The data are modeled as multimodal independent components characterizing sources of inter-subject variability. Each component has an associated spatial pattern for every modality, 
and all modalities are linked through a subject loading vector reflecting the typicality of this component for each participant. Further, linked ICA models the component-
specific relevance of each modality in each component through a vector of weights that 
reflects to which extent each modality contributes to a given independent component (Groves et al., 2011). Thereby linked ICA ensures the balancing of information across modalities by taking into account the spatial correlation of each modality (Groves et al., 2012). Here, we used linked ICA including the six data modalities described above: cortical thickness, areal expansion estimates, VBM gray matter volume, FA, MD, and MO. Given our sample size and based on previous analyses (Groves et al., 2012), we ran the linked ICA model to estimate 50 independent components. 
StatisticsSpatial patterns of the components were converted to z-statistics and were thresholded at z=3. Subsequent analyses aimed at relating subject loadings of a component to differences in clinical variables of interest (i.e., ADHD diagnosis). Scanner site, gender, 
age (linear and quadratic fit) were regressed out of the subject loading vectors as they were of no primary interest (effects of the regression on the subject loadings are shown 
in eFigure 1). First, we correlated the component-specific subject loading vectors with inattentive and hyperactive/impulsive symptoms. Using Bonferroni correction for the total of 50 components a threshold of p<.001 was set. Secondly, for the components 
with a significant association, we compared the subject loading vectors between the ADHD and non-ADHD groups using a categorical group comparison. To assess 
statistical significance, independent sample t-tests (two-tailed) were used. A threshold of p < 0.05 / n, with n = the amount of components with a significant association with ADHD symptoms. 
RESULTS
General outcome of the linked ICA analysis
Figure 1 illustrates the normalized weight vectors reflecting the relative contribution 
of each modality in each independent component. Of the 50 components, we identified 29 as multimodal, i.e., a single modality does not account for more than 50% of the component weight vector (further described in supplementary material). Further 
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inspection of the subject loadings revealed 4 components significantly related to scanner site, 9 related to age, and 12 associated with gender (eTable 1). 
Figure 1. Relative weight of each modality within each component. Components are sorted first based 
on the modality that yielded the largest contribution, and second on their level of multimodality, i.e., 
how evenly distributed several modalities contributed. To quantify multimodality we calculated a 
multimodal index assigning a value of 1 to components to which each modality contributed equally and 
0 to components to which one modality primarily contributed. The multimodal index is plotted in the bar 
on the left, going from 1 = white, to 0 = black. Components that yielded significant ADHD-related effects 
are indicated. FA = Fractional Anisotropy, MD = Mean Diffusivity, MO = Diffusion Mode, VBM = Voxel-Based 
Morphometry, CT = Cortical Thickness Estimate, Area = Areal Expansion Estimate.
ADHD-related effectsAfter regressing out scanner site, gender, age, and age2, two multimodal components 
(component 18 and 24) were significantly related to ADHD symptoms. The subjects’ 
loadings of component 18 showed a significant relation with hyperactive/impulsive symptoms t(332)=-3.370, p<.001 (Figure 2), but not with inattentive symptoms when applying Bonferroni correction, t(332)=-2.819, p=.005. Furthermore, ADHD and non-
ADHD groups differed significantly from each other in a categorical group comparison 
t(331)=3.068, p=.002, with participants with ADHD exhibiting higher scores (M=0.21, SD=0.94) compared to non-ADHD participants (M=-0.13, SD=1.00). 
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Figure 2. Correlations between subjects’ loadings on component 18 and hyperactive/impulsive and 
inattentive symptoms counts.
Component 18 had its largest contributions from gray matter volume and cortical thickness data (FA=9%, MD=12%, MO=7%, VBM=18%, CT=42%, Area=9%). Participants with ADHD showed a pattern of lower gray matter volume in the orbitofrontal and anterior cingulate cortex and increased gray matter volume around sensorimotor, occipital, and thalamic regions (Figure 3). This gray matter volume pattern coincided with decreased cortical thickness in the insula, medial temporal cortices, and precentral gyrus. Although white matter microstructure was contributing less to this component (component 18), the spatial pattern was consistent with the VBM and cortical thickness maps. The DTI maps showed in ADHD, higher FA in the forceps major connecting the occipital lobes, lower FA in the internal capsule containing motor 
and sensory projection fibers, corpus callosum and around the postcentral cortex, all in conjunction with higher MD in the postcentral cortex and lower MD in the thalamus extending to surrounding structures. Finally, increased MO in the bilateral superior corona radiata was found in ADHD compared to non-ADHD.
 Subject loadings on a second multimodal component (component 24) were 
significantly related to hyperactive/impulsive symptom count t(332)=-3.516, 
p<.001 (Figure 4). The association between inattentive symptom count and the subjects’ loadings on component 24 did not survive Bonferroni correction, t(332)=-2.137, p=.033. Furthermore, when comparing ADHD and non-ADHD groups directly, 
participants with ADHD exhibited significantly lower scores (M=-0.18, SD=0.99) compared to non-ADHD participants (M=0.11, SD=0.98), t(331)=2.660, p=.008. 
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Figure 3. Multimodal component 18 related to ADHD. Spatial representation of each modality’s 
contribution to component 18. Spatial maps were thresholded at z=3. Blue colors indicate lower values on 
this MRI measure for ADHD than for control. VBM = Voxel-Based Morphometry gray matter volume, FA = 
Fractional Anisotropy, MD = Mean Diffusivity, MO = Diffusion Mode.
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Figure 4. Correlations between subjects’ loadings on component 24 and hyperactive/impulsive and 
inattentive symptoms counts.
Gray matter volume and areal expansion estimates both encompassed the medial frontal cortex, with larger volumes in non-ADHD participants compared to participants with ADHD (Figure 5). While the VBM spatial map covered the complete prefrontal lobe, thalamus, and part of cerebellum, the areal expansion estimates map was localized to anterior prefrontal cortex. The contribution of the DTI modalities was smaller (FA=9%, MD=5%, MO=9%, VBM=23%, CT=5%, Area=46%), but consistently showed 
abnormalities of the prefrontal white matter to be associated with ADHD. Specifically, in ADHD, lower FA was found in the forceps minor combined with lower MO, and lower FA was combined with higher MO in more posterior regions of the forceps minor and superior corona radiata, as well as thalamic and cerebellar regions. Finally, higher MD in the corpus callosum was present in ADHD.
 Finally, differences between ADHD and non-ADHD groups on three unimodal components (component 1, 6, and 33) did not survive correction for multiple 
comparisons. These unimodal components are specified in the supplementary material. Post-hoc control and sensitivity analyses showed that neither component 18 nor 24 were associated with medication history or IQ. As history of medication use was 
only relevant for the ADHD group and IQ might reflect variation that is a feature of ADHD pathology itself (Dennis et al., 2009; Nigg, 2001), these variables were not 
entered in the model, but post-hoc analyzed. Furthermore, adding oppositional defiant 
disorder / conduct disorder comorbidity to our analyses did not influence the results, and results were similar in a subsample without comorbidities. No interactions between diagnosis and gender were found. Figures illustrating the post-hoc sensitivity analyses are presented in the supplementary material.
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Figure 5. Multimodal component 24 related to ADHD. Spatial representation of each modality’s 
contribution to component 24. Spatial maps were thresholded at z=3. Blue colors indicate lower values 
on this MRI measure for ADHD than control. VBM = Voxel-Based Morphometry gray matter volume, FA = 
Fractional Anisotropy, MD = Mean Diffusivity, MO = Diffusion Mode.
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Multimodal versus unimodal findings To investigate the added value of our multimodal analysis over a unimodal analysis, we compared current multimodal results with previously published unimodal results obtained from the same cohort. Results of three modalities were reported recently, namely: VBM gray matter volume estimates (Bralten et al., under review), cortical thickness (Schweren et al., 2015), and DTI (van Ewijk et al., 2014).
 In a VBM study, we reported smaller gray matter volumes in five clusters in the precentral gyrus, medial and orbital frontal cortex, frontal pole and (para)cingulate cortex (Bralten et al., under review). Indeed, prefrontal regions were also revealed by the present multimodal analysis (see eFigure 6 for spatial overlap). When comparing the contribution of VBM data to components 18 and 24, we see that component 24 had the largest contribution of VBM data (23% compared to 18%). In addition, the spatial pattern of component 24 also showed the largest overlap with the unimodal results. This indicates that the modality with the largest contribution also replicates the unimodal results the most consistently. Furthermore, clusters revealed by the multimodal analysis were larger and more symmetrical, indicating increased sensitivity to ADHD related effects by the joint analysis of all modalities. Note that patterns 
appearing to be symmetric are not a trivial finding since the algorithm used imposes no spatial structure. In addition, the multimodal analysis revealed that these ADHD-related alterations in gray matter volume co-occurred with changes in areal expansion and white matter indices. Importantly, by using a multimodal analysis method where individual decompositions are linked together by means of a subject-loading vector, 
one can be confident that the same subjects are driving the patterns present in different modalities. This is fundamentally different from unimodal analyses where the actual 
association between subject specific values across modalities needs to be established post-hoc. Thus, the multimodal analysis does not only replicate the unimodal VBM 
findings; in addition, it reveals a consistent pattern of prefrontal abnormalities in areal expansion estimates, FA and MO (see Figure 5) in the same subjects.  For the unimodal cortical thickness data analysis, we reported thinner bilateral medial temporal cortices in ADHD, including in the entorhinal, parahippocampal, fusiform and isthmus cingulate cortices (Schweren et al., 2015). Parts of the temporal cortex also showed decreased cortical thickness in multimodal component 18 (see eFigure 7 for spatial overlap). Cortical thickness estimates had the largest contribution to this component. Nevertheless, by including other modalities the involvement of frontal gray matter volume was revealed, indicating the role of the more extended fronto-limbic system in ADHD pathology. Finally, in a previous DTI study, we reported widespread differences in white matter indices (FA and MD) between ADHD and control groups (van Ewijk et al., 2014). 
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When visually inspecting the multimodal components that were related to ADHD 
(component 18 and 24), overlap with unimodal findings was limited (eFigure 8). This is not surprising as the contribution of the diffusion indices to these components was limited (see Figure 1). Furthermore, when inspecting the components that were 
related to ADHD but did not show a significant multimodal character (component 1, 6, and 33), MD of component 6 showed high overlap with previously published unimodal MD results (van Ewijk et al., 2014) (eFigure 9). The spatial maps encompass the corpus callosum, internal capsule, posterior thalamic radiation, corona radiata, fornix, cerebellar peduncle, and cingulum. Further, spatial maps of unimodal FA 
analysis (van Ewijk et al., 2014) were partly reflected in component 39 (eFigure 10 
and 11). Although this component was not significantly different between ADHD and non-ADHD groups, [t(331)=1.929, p=.055], it was significantly related to the subjects’ K-GAS score [t(332)=3.166, p=.002]. This K-GAS score reflects the general functioning of participants and was highly correlated with the inattentive (r=-0.75) and hyperactive/impulsive symptom count (r=-0.67). Finally, DTI findings of the multimodal components (component 18 and 24) were explaining variance that was 
also reflected in other modalities and spatially consistent across modalities. While prefrontal white matter was not revealed by the unimodal analysis, our multimodal analysis picked up on variation in prefrontal white matter which was also observable in prefrontal gray matter volume (see Figure 5).
DISCUSSIONImaging studies in neuropsychiatry typically focus on single imaging modalities such as brain volume or white matter microstructure. Here, we aimed to uncover shared pathophysiological processes in gray and white matter using a multivariate analysis technique that allows investigating concurrent patterns of variation in the brain across modalities (Groves et al., 2011). Including data on various aspects of brain morphology 
and white matter microstructure, we identified modality transcending differences between participants with and without ADHD in fronto-striatal and fronto-limbic circuits, as well as in parietal and occipital lobes, insula, and cerebellum. We observed reduced prefrontal gray matter volume and surface area in 
participants with ADHD compared to those without ADHD, thereby confirming previous studies (Almeida et al., 2010; Batty et al., 2010; Durston et al., 2005; Narr et al., 2009; Overmeyer et al., 2001; Seidman, Valera, & Makris, 2005; Shaw et al., 2012). In addition, and again in line with previous studies, we observed abnormal microstructure of prefrontal white matter (Konrad & Eickhoff, 2010; Pavuluri et al., 2009; van Ewijk et al., 2012). The prefrontal cortex is of clear interest in ADHD research, as it underlies performance on executive functioning tasks that are impaired in ADHD (Barkley, 1997; 
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Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005). Next to prefrontal gray matter, prefrontal white matter microstructure has been associated with poor executive functioning in ADHD (Lawrence et al., 2013). As the prefrontal cortex is part of fronto-striatal and fronto-cerebellar loops (Alexander, DeLong, & Strick, 1986), striatal and cerebellar regions may be expected to show concurrent changes. Indeed, we observed abnormal volumes of thalamus and cerebellum in ADHD. Our results indicate that the entire fronto-striatal loops (i.e., both white and gray matter) are affected in ADHD, 
supporting the idea that the pathophysiology of ADHD is reflected across large-scale 
networks, rather than confined to specific areas within the brain (Menon, 2011). We also observed decreased gray matter volume in the orbitofrontal cortex, ACC, and insula in ADHD. These fronto-limbic regions have been reported as altered in previous unimodal studies in ADHD and have been related to abnormal reinforcement responses, error monitoring, and emotional processing (Amico, Stauber, Koutsouleris, & Frodl, 2011; Frodl & Skokauskas, 2012; Hesslinger et al., 2002; Hoekzema et al., 2012; Proal et al., 2011). Related to the same underlying between-participant variance as the fronto-limbic regions, more basal sensory areas, i.e., occipital and sensori-motor cortex were included in this ADHD-related component. These areas are implicated in, respectively, attention and motor performance. In line with previous reports, we observed increased volume of the regions in ADHD compared to non-ADHD participants (van Wingen et al., 2013; Wang, Jiang, Cao, & Wang, 2007). When comparing our results with the literature, it has to be noted that our non-ADHD group contains a wider spectrum of ADHD characteristics than is commonly included in a control group. In light of the dimensional analyses this allows the modelling of the entire ADHD spectrum.  Using a multimodal approach, we replicated our previously published unimodal 
findings in the same cohort. Specifically, gray matter volume and cortical thickness results showed high overlap between unimodal and multimodal analyses. An integrated 
multimodal method often reveals findings in one modality that could also have been 
revealed using a unimodal method. However, a unimodal analysis per definition overlooks part of the picture as it is focusing only on this one modality. Here, we show 
that the addition of more modalities reveals that unimodal findings can be reflected across modalities, e.g., co-occurring abnormalities in prefrontal gray matter volume, prefrontal FA, and prefrontal areal expansion estimates. Furthermore, when conducting multiple unimodal analyses no conclusions can be drawn about the individual subjects that drive the effects in different modalities, therefore the modalities then need to be reconsolidated post-hoc. In addition, the multimodal maps showed more extended and symmetric spatial maps than the unimodal results, indicating increased sensitivity by adding modalities to the analysis. Power in a unimodal analysis is dependent on the 
signal-to-noise (SNR) properties of that specific modality. Importantly, in a multimodal 
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analysis SNRs of each modality are linked. As a consequence, power in modalities with lower SNR is enhanced by exploiting statistical regularities existing at the population level. In the case of linked ICA these regularities are resemblances of subject loadings across subjects (Groves et al., 2012). Moreover, using the multimodal approach we 
observe that unimodal findings were replicated in the modality that had the largest 
contribution to this component and thus, that unimodal findings were reflected in spatial maps of different multimodal components, e.g., gray matter volume data in component 24 and cortical thickness results in component 18. Concerning the DTI 
findings, unimodal MD findings were reflected in a component that was related to ADHD, but was not multimodal (component 6). While the variance in MD captured by this component was not related to variance in other modalities, the multimodal approach was still able to extract it. Unimodal FA results were partly replicated in component 39, a component that was related to the general functioning in daily life of the participants.  Although the linked ICA approach employed here does not reveal new pathophysiology related to ADHD, it advances on classic unimodal analyses in several ways. Firstly, by modeling the multimodal data within one model linked by 
the single subject-loading vector, one can be sure that the patterns reflected in different modalities are driven by the same participants. Importantly, this conclusion cannot be reached when conducting parallel unimodal analyses. The knowledge that the same participants show a similar pattern across brain measures, does not only add to the complete image of ADHD, but also opens possibilities for more elaborate 
ways of stratification or subtyping of participants with ADHD based on different brain patterns across MRI modalities. Secondly, as linked ICA allows the inclusion of multiple modalities, shared variance across modalities is modeled, thereby increasing sensitivity to between-participant effects: large unimodal effects will be detected both by unimodal and multimodal analyses. Small effects that are present in several modalities, however, might only be revealed when variance present across modalities is adequately modeled, increasing the sensitivity to effects that have small individual unimodal effect sizes but consistent across the population and across modalities. Finally, structural variation within the data related to nuisance variables is captured within separate components. As an example, we observed components that were dominated by scan site or gender, thereby capturing main sources of variance of no-interest within our dataset. As such, linked ICA has the potential to address common imbalances in gender and/or age present in many clinical samples. Of note, in order to remove any residual variance not captured within these independent components, we additionally regressed scan site, gender, and age out of the data.  Under the multimodal model, the cause of convergence of between-participant variability across modalities may be a common pathophysiologic process that is 
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reflected in all modalities. Such processes could be related to common etiologic factors, either genetic or environmental, or both. Such etiologic factors might already 
exert their influence during prenatal development (Sidman & Rakic, 1973), influencing proliferation and migration of cells. As such, genetic factors that are associated with the development of brain structure have suggested to be implicated in ADHD. One example are polymorphisms within genes related to neurodevelopmental processes such as cell adhesion, neuron migration, and neurite outgrowth (Poelmans, Pauls, Buitelaar, & Franke, 2011; Yang et al., 2013). Likewise, environmental factors have been shown to 
exert influence on brain development, e.g., the influence of maternal smoking on brain development (Roza et al., 2007).  Instead of a common etiologic factor simultaneously affecting modalities, it is also possible that a cascade of sequential events results in effects across modalities. In this case, the pathophysiologic process primarily affects one modality, in turn leading to alterations in other modalities. This has been hypothesized in Alzheimer’s disease research, where gray matter atrophy is thought to lead to disruptions in white 
matter tracts (Villain et al., 2010). The identification of the starting event could then 
significantly advance possibilities for preventive or therapeutic interventions. Yet, outlining such cascading model in developmental psychiatric disorders is obscured by the early onset of the disorder and a manifold of potentially interacting neurobiological and social-environmental processes. Prospective brain imaging studies in high-risk young children may provide helpful insights in this context through improved longitudinal modeling of developmental brain processes.
 Interpretation of multimodal analyses will greatly benefit from improved knowledge concerning the underlying developmental trajectories of different modalities, which is currently limited to rather general descriptions. As an example, developmental changes in white matter follow a linear pattern, while development of the cortex follows an inverted U-shape pattern across development (Gogtay et al., 2004; Paus et al., 1999). Furthermore, developmental processes of different modalities 
might interact. For instance, increased myelination of intra-cortical fibers and synaptic pruning might induce an apparent loss of cortex and account for the cortical thinning observed during puberty (Gogtay et al., 2004; Paus, 2005). In the absence of longitudinal multimodal investigations, little is known about potentially common underlying processes and developmental trajectories.  In conclusion, our results advance prior studies by providing evidence that distinct structural properties of multiple brain areas are simultaneously affected in ADHD. In line with previous literature, we observed ADHD-related changes in prefrontal cortex, as well as parietal, insular, and occipital areas. We showed that these structural 
changes were reflected by multimodal components that capture commonalities across 
participants. Such reflection of ADHD-pathology across structural brain modalities 
116
offers a biologically meaningful characterization of ADHD by suggesting common pathophysiological processes without the need for post-hoc cross-modal meta-
analysis. This paves the way for further research into the functional significance of these multimodal components for neurocognitive performance, neural activation to 
cognitive tasks, and treatment response patterns and into brain-based stratification of participants with ADHD.
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Supplementary materials Chapter 4
General linked-ICA outputeFigure 1 illustrates the subject loadings obtained for each subject for each component. 
The figure on the left depicts the raw subject loading matrix. The figure on the right shows the subjects loading matrix after regressing out scanner site, gender, and age. Components (rows) were ordered according to their amount of explained variance. 
This order is similar to eFigure 1. It is clearly visible that the first component (top row) 
heavily loads on scanner site, as evidenced by the two color separation in the first row. For this component the effect of the regression is also clearly visible, i.e., the visual division between the scanner sites (left) is not visible after the regression (right). A high correlation between the subjects loading matrix before and after correction 
for covariates is present. As expected, the lowest correlation is found for the first component, as in this component we found the largest scanner site effects.
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eFigure 1. Subjects loading matrix before and after nuisance regression of scan site, gender, and age.
Multimodal IndexTo quantify the multimodal nature of each component we calculated a multimodal index as follows:
n = number of modalities
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eFigure 2. Relative weight of each modality in each component. This figure is similar to figure 1 in the 
main text, yet here components are ordered from top to bottom following the degree of explained variance 
in the data. Components that yielded significant ADHD-related effects are indicated. FA = Fractional 
Anisotropy, MD = Mean Diffusivity, MO = Diffusion Mode, VBM = Voxel-Based Morphometry, CT = Cortical 
Thickness Estimate, Area = Areal Expansion Estimate.
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eFigure 2b. Figure showing the relative amount of  total variance explained by each component, starting 
with component 1.
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General componentsIn accordance with a previous report on linked ICA using multimodal MRI data (Groves et al., 2012), we found large effects of scanner site, age, and gender (eTable 1). For further analyses scanner site, age, and gender were regressed out of the subject loadings on the components as effects of no-interest.
eTable 1. Components that are significantly related to general variables: scan site, age, 
and gender (p<0.001). To quantify multimodality we calculated a multimodal index 
assigning a value of 1 to components to which each modality contributed equally and 0 to 
components to which one modality primarily contributed.
Component t-value Multimodal Index
Scan site 0 62.919 0.25
5 1.683 0.10
11 -3.388 0.21
22 -3.493 0.67
Age 2 -7.812 0.22
4 3.803 0.30
6 -3.207 0.13
9 -6.869 0.17
18 -5.439 0.68
24 -3.736 0.63
26 3.968 0.80
31 -3.449 0.33
45 4.312 0.80
Gender 1 -12.385 0.22
3 -3.486 0.18
6 3.274 0.13
11 4.305 0.21
14 -3.662 0.53
26 -3.848 0.80
28 4.326 0.89
30 -3.356 0.57
32 -3.968 0.47
33 4.631 0.52
37 -4.420 0.53
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Additional components related to ADHDeFigure 3 illustrates three ADHD-related unimodal components (component 1, 6 and 
33). As these components were identified as unimodal components (see eTable 2), only the modality with the largest contribution will be discussed. 
eTable 2. Relative weight of each modality in unimodal components that differed between 
ADHD and non-ADHD groups. 
Component p-value t-value FA MD MO VBM CT Area
1 .023 2.291 3 3 2 4 6 82
6 .031 2.162 10 88 0 1 0 0
33 .038 2.083 16 55 11 7 8 0
FA = Fractional Anisotropy, MD = Mean Diffusivity, MO = Diffusion Mode, VBM = Voxel-Based Morphometry 
gray matter, CT = Cortical Thickness Estimate, Area = Areal Expansion Estimate.
Component 1
ADHD participants differed significantly from non-ADHD participants on component 1, 
t(331)=2.291, p=.023, with participants with ADHD exhibiting lower scores (M=-0.16, SD=0.92) compared to non-ADHD participants (M=0.10, SD=1.03). Areal expansion estimates had the largest contribution to this component (82%). Participants without ADHD showed more areal expansion in widespread regions covering the occipital lobe, and large parts of the frontal and temporal lobes. 
Component 6
ADHD participants differed significantly from non-ADHD participants on component 6, t(331)=2.162, p=.031, with participants with ADHD exhibiting lower scores (M=-0.15, SD=0.97) compared to non-ADHD participants (M=0.09, SD=1.00). MD had the largest contribution to component 6 (88%). Widespread regions including the corpus callosum, corona radiata, internal capsule, thalamic radiation, sagittal stratum, fornix, superior longitudinal fasciculus, cingulum, and corticospinal tract.
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eFigure 3a. Spatial patterns for component 1. Spatial representation of each modality’s contribution to 
this component. Spatial maps were thresholded at z=3. Blue colors indicate lower values on this MRI 
measure for ADHD than control. VBM = Voxel-Based Morphometry gray matter volume, FA = Fractional 
Anisotropy, MD = Mean Diffusivity, MO = Diffusion Mode.
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eFigure 3b. Spatial patterns for component 6. Spatial representation of each modality’s contribution to 
this component. Spatial maps were thresholded at z=3. Blue colors indicate lower values on this MRI 
measure for ADHD than control. VBM = Voxel-Based Morphometry gray matter volume, FA = Fractional 
Anisotropy, MD = Mean Diffusivity, MO = Diffusion Mode.
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eFigure 3c. Spatial patterns for component 33. Spatial representation of each modality’s contribution 
to this component. Spatial maps were thresholded at z=3. Blue colors indicate lower values on this MRI 
measure for ADHD than control. VBM = Voxel-Based Morphometry gray matter volume, FA = Fractional 
Anisotropy, MD = Mean Diffusivity, MO = Diffusion Mode.
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Component 33
ADHD participants differed significantly from non-ADHD participants on component 33, t(331)=2.083, p=.038, with participants with ADHD exhibiting lower scores (M=-0.14, SD=0.98) compared to non-ADHD participants (M=0.09, SD=1.00). MD had the largest contribution to this component (55%), followed by FA (16%). Both indices revealed similar regions including the body of the corpus callosum, thalamus, and cerebellar peduncle.
Sensitivity analysesPost-hoc control and sensitivity analyses showed that neither component was 
associated with medication history or IQ. Furthermore, adding oppositional defiant 
disorder / conduct disorder comorbidity to our analyses did not influence the results. No interactions between gender and diagnosis were found. Similar results were found when the group was divided into two age groups using a median split.
eFigure 4. Tukey box plots illustrating subjects’ loadings of component 18 for the ADHD and non-ADHD 
groups split up for: (top) gender, (middle) comorbid ODD/CD, (bottom) age groups (median split).
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eFigure 5. Tukey box plots illustrating subjects’ loadings of component 24 for the ADHD and non-ADHD 
groups split up for: (top) gender, (middle) comorbid ODD/CD, (bottom) age groups (median split).
Unimodal vs multimodal analyses
eFigure 6. Unimodal versus multimodal analyses: voxel based morphometry. Results of unimodal VBM 
analyses (Bralten et al., under revision) plotted in green. Five clusters were identified, precentral gyrus, 
frontal orbital cortex, frontal pole, frontal medial cortex, and paracingulate, cingulate, subcallosal cortex. 
Top row. VBM spatial pattern of component 24 is plotted in yellow and blue scale (blue is lower value on 
this MRI measure for ADHD than control). Bottom row. VBM spatial pattern of component 18 is plotted in 
yellow and blue scale (blue is lower value on this MRI measure for ADHD than control).
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eFigure 7. Unimodal versus multimodal analyses: cortical thickness. Left. Results of unimodal cortical 
thickness analyses (Schweren et al., 2015). Medial temporal regions showed a significant decrease in 
cortical thickness in participants with ADHD. Right. Results of multimodal analyses, component 18 
plotted in red-blue scale (blue is lower value on this MRI measure for ADHD than control).
eFigure 8. Unimodal versus multimodal analyses: diffusion indices FA and MD. Results of unimodal FA 
(top) and MD (bottom) analyses plotted in green (van Ewijk et al., 2014) with on top the multimodal results 
of component 18 (left) and component 24 (right) (in this figure red means lower score for ADHD).
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eFigure 9. Unimodal versus multimodal analyses: MD of non-multimodal components. Results of 
unimodal MD analyses plotted in green (van Ewijk et al., 2014) with the multimodal results of component 
6 (left) and component 33 (right) (in this figure red means lower score for ADHD).
eFigure 10. Unimodal versus multimodal analyses: FA of component 39. Results of unimodal FA analyses 
plotted in green (van Ewijk et al., 2014) showing overlap with the multimodal results of component 39 (in 
this figure red means lower score for ADHD).
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eFigure 11. Multimodal component related to K-GAS score. Spatial representation of each modality’s 
contribution to component 39. Spatial maps were thresholded at z=3 and are plotted in red-blue scale 
(red means a positive correlation). VBM = Voxel-Based Morphometry, FA = Fractional Anisotropy, MD = 
Mean Diffusivity, MO = Diffusion Mode.
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The overall aim of this thesis was to investigate whether and how the developmental 
course of ADHD is reflected in brain correlates. In this chapter, I will start with 
a summary of the main findings. Then, I will discuss the main findings in light of current literature and theoretical frameworks. Further, I will discuss the added value of the results for our understanding of ADHD pathology, the challenges that ADHD and neuroimaging research faces, and the clinical applications and future directions following from this research.
Summary of main findings
Connectivity and ADHD remission
The first part of this thesis describes how developmental changes in ADHD symptoms relate to connectivity patterns in white and grey matter. Using cross-sectional MRI data that were embedded in a prospective follow-up with longitudinal diagnostic information, I investigated the Halperin & Schulz model that hypothesizes a persistent non-cortical dysfunction in ADHD (independent of outcome), and further maturation of prefrontal areas possibly resulting in ADHD remission (Halperin & Schulz, 2006). Investigation into whole brain white matter data of a large sample revealed a relation between the developmental improvement of hyperactive/impulsive symptoms and corticospinal white matter microstructure (Chapter 1). In addition, a categorical comparison revealed that while remittent ADHD and healthy control groups did not differ from each other, both groups did differ from the persistent ADHD group. These results were not in line with our hypothesis based on the model of Halperin & 
Schulz. Instead the results indicate a role of the motor system (more specifically the corticospinal tract) in remission versus persistence of ADHD. In the next chapter we observed that the developmental change in ADHD symptoms was not only related to white matter structural connectivity, but also to grey matter functional connectivity as estimated using independent component analysis of resting 
state MRI data (Chapter 2). More specific, change in hyperactive/impulsive symptoms was related to connectivity of the anterior cingulate cortex within the executive control network. A categorical comparison showed that the remittent ADHD and the healthy control group did differ in prefrontal connectivity, while both groups did not differ from the persistent ADHD group. Furthermore, no group differences were found in non-cortical resting state connectivity. The relation between ADHD remission and the prefrontal cortex connectivity supports the neurodevelopmental model. The results 
might reflect a compensation mechanism for ADHD behavior in participants with larger declines in ADHD symptoms. However, no prove for the presence of a non-
cortical deficit was found using this analysis in these resting state connectivity data. 
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Developmental changes in ADHD and white matterFollowing the investigation of cross-sectional MRI data, we set out to investigate the sample over a longer period of time including a second MRI scan. For chapter 3, I used longitudinal diagnostic data encompassing a third measurement point. Over a period of approximately 10 years, our sample shows a general decline in ADHD symptoms. However, participants show a high variability in developmental trajectories over time. I investigated whether these individual developmental changes in ADHD symptoms were related to changes in white matter structural connectivity. No relation between developmental changes in ADHD symptoms and white matter microstructure was found. Furthermore, when comparing remittent ADHD, persistent ADHD, and healthy control groups, no differences in white matter development were found between the groups. We remark that the between-subject variability was much larger than the developmental changes occurring within one subject. These results reveal no direct association between changes in ADHD symptoms and changes in white matter microstructure over time. This might indicate that white matter microstructure might not be the appropriate measure to assess neurobiological changes related to developmental changes in ADHD symptoms. 
Integration of MRI modalities in ADHDIn the last part of this thesis, I describe a more complex analysis method used to integrate MRI data of distinct modalities. The associations between ADHD diagnosis and six extracted MRI measurements were investigated. From the anatomical T1 scan, I extracted estimates related to gray matter structure: cortical thickness, areal expansion, and gray matter volume. Using the data collected with the DTI scan, we estimated FA, MD, and MO. I used a data-driven approach, based on independent component analysis, aimed at searching components that explain variance present across these multiple imaging modalities (Groves, Beckmann, Smith, & Woolrich, 2011). Two multimodal components were related to ADHD symptoms. One component revealed an association between ADHD symptoms and frontal gray matter volume, areal expansion, and white matter microstructure. A second component related ADHD symptoms to limbic and somato-sensory areas (including the orbitofrontal cortex, insula, and occipital cortex). These results are in line with previously published unimodal literature (Almeida et al., 2010; Batty et al., 2010; Durston et al., 2005; Konrad & Eickhoff, 2010; Narr et al., 2009; Overmeyer et al., 2001; Pavuluri et al., 2009; Seidman, Valera, & Makris, 2005; Shaw et al., 2012) (Konrad & Eickhoff, 2010; Pavuluri et al., 2009; van Ewijk, Heslenfeld, Zwiers, Buitelaar, & Oosterlaan, 2012) (Amico, Stauber, Koutsouleris, & Frodl, 2011; Frodl & Skokauskas, 2012; Hesslinger et al., 2002; Hoekzema et al., 2012; Proal et al., 2011). Furthermore, results are widespread indicating increased 
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sensitivity as shared variance across modalities is modeled. In addition, by modeling all modalities in one model, one can be sure that the same subjects drive the effects across modalities. Thus, the networks revealed by this analysis might point to a shared underlying pathophysiology of various aspects of brain structure.  
Discussion of the resultsOver time ADHD research has changed in various ways: while older studies investigated ADHD at one time point as if it were a static disorder, more recent studies, as well as our studies, focus also on the development of ADHD symptoms over time. By tracking these dynamic processes using longitudinal studies we can come closer to understanding the underlying mechanisms of differential diagnostic outcomes (Shaw, Gogtay, & Rapoport, 2010). Secondly, the focus shifted from comparing extremes of a dimension, as is done using a categorical group comparison, to relating the complete spectrum of behavior to the measures of interest (Chabernaud et al., 2012; Lubke, Hudziak, Derks, van Bijsterveldt, & Boomsma, 2009; Widiger & Samuel, 2005). 
This has specifically been suggested by the NIMH with the RDoC, criteria that are 
aimed at finding biomarkers of dimensional constructs and predicting response to treatment (Insel, 2014). Although a categorical group comparison is insightful as a general comparison between groups, it induces arbitrary categorizations that might 
or might not be reflected in neurobiology of a disorder (Marcus, Norris, & Coccaro, 2012). In addition, as symptoms are not static over time, cases might move temporary over the set threshold (Hinshaw, Lahey, & Hart, 1993). By assessing inattentiveness, hyperactivity, and impulsivity as a dimensional concept, one is not forced to determine this arbitrary threshold. Furthermore, dimensionality allows for a more complete picture of the variability between individuals (MacCallum, Zhang, Preacher, & Rucker, 2002). However, it has to be kept in mind that especially in clinical practice diagnostic thresholds are for now still a very pragmatic approach to decide on diagnosing. Aside from the pragmatics, this use of diagnostic thresholds in clinical practice is also linked to get “a ticket to services” and thus to administrative and budgetary purposes. In this thesis, we implemented longitudinal analyses to be able to follow the developmental trajectory and to investigate whether we can determine neurobiological bases of diagnostic outcome. Furthermore, we conducted dimensional analyses using all available data of the cohort (healthy controls, unaffected siblings, affected siblings, probands with ADHD combined type at baseline) to allow for better modeling the complete spectrum of the disorder.
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Connectivity and ADHD remissionOur results on structural and functional connectivity data (chapter 2 and 3) did not reveal clear-cut evidence for the Halperin & Schulz model (Halperin & Schulz, 2006). Concerning white matter connectivity, we revealed that microstructure of the corticospinal tract, and not of frontostriatal tracts, was associated with the change in ADHD symptoms. In line with more recent literature, this demonstrates that neurobiological abnormalities in ADHD go further than the traditionally hypothesized frontostriatal impairments (Castellanos & Proal, 2012; Konrad & Eickhoff, 2010). Further, remittent ADHD and healthy control groups did not differ from each other in a categorical comparison. These results can be interpreted as in the line with white matter normalization, i.e., participants with remittent ADHD followed a developmental trajectory starting with abnormal white matter at baseline to converging with healthy controls at follow-up (Shaw et al., 2010). Normalization of brain structure 
in remitting ADHD has previously been reported, more specifically, convergence of cortical thickness of parietal regions of remitting ADHD with healthy controls (Shaw et al., 2006). However, the lack of difference between remittent ADHD and control groups can as well be interpreted as a meaningful predictor of outcome, i.e., participants with remittent ADHD might never have differed from healthy controls, and can be distinguished from baseline on from participants with persistent ADHD, who did differ from both remittent ADHD and controls. Up till now, no clear predictors of ADHD outcome have been found (Cortese, 2012). Much research has been focused on behavioral predictors and report small to moderate effect sizes (van Lieshout, Luman, Buitelaar, Rommelse, & Oosterlaan, 2013). As such a recent paper based on the English part of the IMAGE sample reported parent-rated ADHD symptom severity and actigraph measurements to predict outcome (Cheung et al., 2015). Research investigating the link between MRI measurements and ADHD outcome is still scarce and stumbles upon high variation between subjects (Thome et al., 2012). As we did not have a MRI scan at baseline available in this study, we cannot draw any conclusions about the presence of MRI abnormalities at baseline.
 Even though our structural connectivity results were not confirming the Halperin & Schulz model, this does not imply the absence of results in other modalities. Indeed, 
using resting-state functional connectivity data we did find partial support for the model. Stronger connectivity of the medial frontal cortex (ACC) within the executive control network was associated with a decline in hyperactive/impulsive symptoms. The ACC has frequently been related to higher order cognitive processing (Bush, Luu, & Posner, 2000; Cortese et al., 2012), which following the model of Halperin & Schulz, would parallel remission of ADHD (Halperin, Trampush, Miller, Marks, & Newcorn, 2008). The categorical comparison revealed stronger connectivity in remittent ADHD than healthy controls. This might point to a compensation mechanism, i.e., 
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prefrontal connectivity compensates for ADHD behavior (Johnson, 2012). Although the persistent ADHD group also showed a small decline in symptoms, no differences in connectivity from remittent ADHD or healthy controls were found, indicating that the 
compensation mechanism was not sufficient to suppress the symptoms. Compensation strategies in ADHD have previously been reported for distinct regions including the parietal cortex, frontal cortex, and visual cortex (Dillo et al., 2010; Fassbender 
& Schweitzer, 2006; Wetterling et al., 2015). Even though we report findings in line 
with the hypothesis of improved prefrontal control and remission, we do not find support for a stable non-cortical dysfunction in our functional connectivity data. This 
indicates that the ‘stable’ deficit related to ADHD independent of current diagnosis might either not be present in connectivity data, or show high variability between 
subjects and therefore, might be difficult detectable. However, as we know from the 
literature, ADHD has been associated with a wide variation in deficits in resting-state connectivity (Oldehinkel, Francx, Beckmann, Buitelaar, & Mennes, 2013), but also in all other MRI modalities. Non-cortical volumetric studies reported smaller subcortical volumes in ADHD compared to healthy controls (Frodl & Skokauskas, 2012; Greven 
et al., 2015; Stoodley, 2014). Although sufficient prove can be found in the literature 
for a non-cortical dysfunction in ADHD, the hypothesis that one stable core deficit is 
related to ADHD might be an oversimplification of the reality. The extensive literature concerning ADHD points to ADHD as a multifactorial disorder which is not marked by 
one deficit, but rather by distinct deficits (Faraone et al., 2015). These distinct deficits might be underlying different ADHD presentations or might interact in different ways contributing to different ADHD behavior. It has to be noted that the association with both white matter microstructure and resting state connectivity was driven by the change in hyperactive/impulsive symptoms. While for the white matter analyses, the association with the corticospinal tract was following logically from the link with the motor system (Rizzolatti & Luppino, 2001), for the prefrontal cortex, an association with inattentive symptoms could also be expected. A possible reason might be found in the size of symptom change over time, in line with previous studies, change in hyperactive/impulsive symptoms was larger than the change in inattentive symptoms (Biederman, Mick, & Faraone, 2000). The size of change in inattentive symptoms indicates the importance of longer follow-up studies to track developmental changes in inattentive symptoms. 
Longitudinal DTIFor chapter 3 of the thesis, longitudinal MRI data were available, which allowed us to investigate the direct link between developmental changes in ADHD symptoms and the development of white matter microstructure. This is an enrichment of the current literature as previous reports, including our chapter 1, were limited to investigating 
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the link between cross-sectional MRI data and longitudinal diagnostic data. These studies revealed distinct results with remittent ADHD showing similar white matter structure as healthy controls in some reports (Shaw et al., 2015), but not in others (Cortese et al., 2013). Furthermore, each of these cross-sectional MRI studies reported distinct brain regions and different directions of effects, including in remittent ADHD compared to persistent lower FA in the uncinate and fronto-occipital fasciculus, and higher FA in corticospinal tract.(Shaw, Sudre et al. 2015) In chapter 3, we had the opportunity to investigate white matter development longitudinally. As, no previous 
longitudinal studies were reported and cross-sectional findings were inconsistent, we used an explorative approach investigating the complete white matter skeleton. First, we looked at the change in white matter microstructure over time in general. Previous longitudinal developmental DTI studies reported completed maturation of fronto-cortical and frontostriatal tracts by the age of 16 and even earlier maturation of projection tracts (Simmonds, Hallquist, Asato, & Luna, 2014). This is in line with our 
findings in our sample with a mean age of 20 years old, revealing little developmental changes in white matter microstructure. Secondly, we investigated the link between change in white matter microstructure and change in ADHD symptoms. Across the skeleton there were no regions were change in white matter microstructure was associated with change in ADHD symptoms over time. To rule out that the associations 
were specifically located in the frequently hypothesized frontostriatal tracts, we 
investigated them explicitly. In line with the whole brain findings, no associations were found between change in ADHD symptoms and change in frontostriatal white matter structure. It has to be noted that when developmental changes in white matter microstructure are small in general, the changes related to ADHD changes might 
possibly be even smaller and difficult to detect. The little change in white matter microstructure together with the lack of an association between the development in ADHD symptoms and white matter microstructure led us to suggest that white matter microstructure might not be the appropriate measure to investigate neural correlates of developmental changes in ADHD. However, results of chapter 1 and previous literature indicate that at a younger age white matter microstructure is still developing (Asato, Terwilliger, Woo, & Luna, 2010; Casey, Tottenham, Liston, & Durston, 2005; Lebel & Beaulieu, 2011) and related to changes in ADHD symptoms (Shaw et al., 2015).
Integration of MRI modalities in ADHDIn this part of the thesis we described the multivariate Linked ICA approach we used to integrate data from both white and gray matter. By including various structural MRI 
modalities, I aimed to find associations between multimodal components and ADHD behavior. As this technique searches for independent components across modalities but within subjects, one can be sure that the same subjects drive the pattern present 
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in different modalities. This might point to shared underlying pathophysiology 
causing deficits in each modality. However, another possibility is that the deficit starts in one modality and causes a cascade of changes in other modalities. This has been hypothesized in Alzheimer’s disease research, where grey matter atrophy is thought to lead to disruptions in white matter tracts (Villain et al., 2010)   As hypothesized, our results are in line with results from unimodal studies (Frodl & Skokauskas, 2012; Konrad & Eickhoff, 2010; Narr et al., 2009; Shaw et al., 2012). By integrating different modalities into one model, we reveal which unimodal results 
are from the biological point of view multimodal, i.e., unimodal findings that are 
reflected in distinct modalities. As such, findings regarding the prefrontal cortex are present across modalities, subjects with smaller prefrontal gray matter volume, also show lower prefrontal areal expansion, and lower prefrontal FA and MO values. As we are modeling the multimodal data using one subject-loading vector we are sure that the effects in distinct modalities are driven by the same subjects without doing 
post-hoc reconsolidation of the unimodal data. Furthermore, unimodal findings that 
are not reflected across modalities are also extracted as an independent component using this technique. Importantly, these unimodal components showed lower effect sizes than multimodal components, which can be attributed to the low SNR properties of the used modality. When using linked ICA, the SNRs of distinct modalities are linked and thus, power in modalities with lower SNR is boosted as statistical variation at the population level can be used. Finally, as shown in our analysis, nuisance variables are captured in separate components, making this technique ideal to correct for noise 
induced by for example scanner site. Therefore, this technique is specifically useful for large collaborations that merge data from different scanner locations. Furthermore, the multimodal independent components provide an interesting base for investigating neurobiological subtypes of ADHD, as different components might be driven by different subjects and thus represent different ADHD subtypes. 
Clinical implicationsThe aim of the research conducted in this thesis was to gain insight into the underlying neurobiology of ADHD remission. We tested the validity of a neurobiological model that was formulated based on behavioral and cross-sectional imaging data. Although this thesis has a clear theoretical focus, the results have clinical implications. First, when looking at the diagnostic developmental trajectories, we see a decline in ADHD symptoms. In line with previous literature, we see a larger decline in hyperactive/impulsive symptoms than inattentive symptoms (Biederman et al., 2000). As inattentive symptoms are less visible and disturbing for the outside world, we have to keep in mind that many individuals still struggle with problems with attention at an 
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older age. Importantly, even though we observe that ADHD symptoms wax and wane over time, a large proportion of patients with childhood ADHD are still diagnosed with ADHD at later follow-ups in adolescence and young adulthood. Second, our results reveal how developmental changes in ADHD symptoms are 
reflected in structural and functional connectivity measures. A first step has been made in the revelation of possible normalization and compensation mechanisms in remitting ADHD. These mechanisms need to be targeted during follow-up research to understand the complete role in remission of ADHD. In case of consistent results, compensation mechanisms might be trained using neuropsychological training in order to reduce ADHD symptoms. Third, our results show how distinct MRI modalities are linked and how this is 
reflected in ADHD pathology. Our findings are in line with the literature, indicating that ADHD is marked by abnormalities that are expressed in multiple domains of brain structure (Stephen V. Faraone et al., 2015). As we found distinct components to be related to ADHD, this technique opens possibilities for neurobiological subtyping of ADHD. Subtyping is an important topic in ADHD literature as the disorder is marked by 
large heterogeneity. This thesis confirms the large variation in ADHD as a disorder and in the developmental trajectories of participants with ADHD. High variability calls for caution when conducting group comparisons during which subjects are merged into groups based on the presence of a diagnosis or not.  In conclusion, this thesis is contributing to unraveling the mechanisms behind developmental trajectories of ADHD. On the long-term this might lead to the possibility of prediction of developmental trajectories and more effective treatments adapted to individual developmental trajectories.
Strengths and limitationsResearch in this thesis should be seen in light of certain strengths and limitations. A 
first major strength is the large and well-phenotyped sample. A combination of data 
from various informants and instruments were used, more specific, parents, teachers, and the child itself (when old enough) provided information during a diagnostic 
interview and while filling out questionnaires (Muller et al., 2011a, 2011b; von Rhein et al., 2014). Information was assessed by skilled experts and combined using an elaborate diagnostic algorithm. Furthermore, the sample was large which allowed for the reduction of false positive and false negative rates. In addition, a larger sample size leads to higher power necessary to detect small effects present in a heterogeneous population. Furthermore, the sample size allowed for dimensional analyses taking the heterogeneity of the sample into account. Finally, we followed the sample over a period of approximately 10 years, allowing for longitudinal analyses. 
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 A first limitation of our work is the MRI data collection at two sites (Nijmegen and Amsterdam), although the protocol was matched, differences between scan sites could not be excluded, as the scanner sites did not have access to exactly the same scanner (Siemens Sonata versus Siemens Avanto). For each imaging sequence, quality was compared between the sites by calculating signal-to-noise ratios and comparing a selection of measures of interest between sites (von Rhein et al., 2014). Although some differences between sites could be observed, large overlap was present for all measures indicating relatively larger between-subject variability than between-site variability. In addition, for each analysis we corrected for scan site and investigated whether the effects were similar in each scan site separately, results were reported in the supplementary information of the manuscripts.  As we tried to maximize the amount of data collected, additional variables of that 
were not specifically of interest for this thesis could not be perfectly matched between ADHD and non-ADHD groups. Male subjects were overrepresented in the ADHD group and female subjects in the control group. However, it has to be noted that this is also a 
reflection of the ADHD prevalence in the population. In all analyses we corrected for gender by including it as a covariate, furthermore, we investigated main and interaction effects between gender and diagnosis. The absence of these effects indicates that male and female participants did not differ on the dependent variables included in this thesis. A second variable that we could not perfectly match was IQ, on average the ADHD group scored lower compared to the non-ADHD group. This reduction has previously frequently been reported (Frazier, Demaree, & Youngstrom, 2004) and twin studies showed the role of genetic factors in the association between IQ and ADHD (Kuntsi et al., 2004; Polderman et al., 2006). This indicates shared variance between IQ and ADHD variables when added into the same statistical model. Furthermore, reports 
suggested that the shared genetic effects between IQ and ADHD might be reflected in neuroanatomy (de Zeeuw et al., 2012; Kuntsi et al., 2004). However, the precise relation or overlap between IQ-related and ADHD-related changes in neuroanatomy remains to be described. Importantly, as IQ might share variance with ADHD, the inclusion of IQ as a covariate might remove information of interest from the data. Therefore, we checked whether correlations were found between the dependent variable and IQ, only when this was the case, IQ was added to the model. However, we did not observe these associations in the studies within this thesis. Additionally, some variance within the ADHD group was induced by confounding factors. Again it has to be noted that this is also the case in the ADHD population 
outside of research. A first factor is the presence of comorbidities, i.e., many of our subjects showed comorbidities with ODD or CD. Again we post-hoc controlled whether effects were similar when the ADHD group was split up into a ‘pure’ ADHD group and an ADHD+ODD/CD group. In contrast to the ADHD group, the control group 
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was selected to be free of any psychiatric diagnosis, which made comparisons with a more ‘natural’ control group impossible. Separate studies on the NeuroIMAGE sample 
investigated specifically the influence of comorbidities in ADHD on behavior and the brain (Noordermeer et al., 2015; van Ewijk et al., 2015). A second confounding variable was the history of stimulant medication use. The majority of subjects in this study did have a history of stimulant use, however, the duration and dose of the medication use were highly variable. Also here we investigated whether we found effects of 
medication use. Our limited control analyses did not reveal significant changes when adding the stimulant use variable into the model. Previous studies showed variable effects from stimulant use on the brain (Schweren, de Zeeuw, & Durston, 2013), more 
elaborate studies into which variables of medication use have influence on the brain are executed outside of this thesis in the NeuroIMAGE sample (Schweren, Hartman, Heslenfeld, et al., 2015; Schweren, Hartman, Zwiers, et al., 2015). Finally, concerning the MRI measurements, DTI is a relatively new technique aimed at imaging the white matter of the brain. Based on the diffusion of water molecules it estimates the cellular structure. Depending on the tissue type, diffusion changes between isotropic (in all directions, like in water) and anisotropic (directed along the direction of the cellular membranes, like in axons). As such, DTI indices provide a metric for the magnitude and direction of diffusion. A limitation of DTI research in general is the limited interpretation of the DTI indices in terms of integrity of white matter structure. White matter microstructure and organization are only indirectly 
estimated and there is no specificity as to which properties (e.g., axonal density, myelination) exactly are measured (Jones, Knosche, & Turner, 2013). As a consequence, using DTI studies we can detect changes in WM microstructure, however, we cannot 
specify which specific properties are affected. Different techniques (e.g., Magnetization Transfer Imaging (Engelbrecht, Rassek, Preiss, Wald, & Modder, 1998; Kobel et al., 
2010)) can give us some more insight into one specific property like myelination. The combination of different WM imaging techniques and estimates would be the ideal, however, we did not have such measures available for this thesis.
Future directions
Based on the findings in this thesis, several recommendations for future research can be made. First, as visible in the scatterplots in this thesis, ADHD shows a high variability on almost all measures investigated. This variance is ignored when conducting general comparisons between ADHD and control groups. Recently, attempts are made to reduce the between-subjects variance by searching for subgroups within ADHD based on neurocognitive and/or MRI data (Fair, Bathula, Nikolas, & Nigg, 2012; Karalunas et al., 2014; Willcutt et al., 2012). The output of the multimodal Linked ICA analysis 
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described in this thesis might be a promising measure to base the subtyping on. Since we found distinct independent components to be related to ADHD, we hypothesize 
that they might reflect distinct ADHD subtypes or distinct underlying causes of ADHD behavior. An alternative way to model the heterogeneity better can be found in modeling ADHD as a dimensional construct. This has recently also been proposed with the RDoC criteria. In our results we see that dimensional analyses show in general more widespread results as compared to the categorical comparisons, this indicates that higher power to detect small effects is reached using dimensional analyses. In addition, studies with population samples are necessary to model the complete spectrum of hyperactive, impulsive, and inattentive behaviors.  Second, following from the high heterogeneity, the importance of large samples sizes needs to be underlined. In a small sample it will not be possible to investigate the heterogeneity existing in ADHD. Furthermore, larger sample sizes lead to higher power to detect true effects and more reliable results. To reach decent sample sizes collaborations across the world in neuroimaging research are crucial (Consortium, 2012). Although these collaborations also encounter problems of inducing more variance related to noise in the data, e.g., scanner site. Here, the Linked ICA approach 
and other recent denoising strategies play an important role in limiting the influence of noise (Groves et al., 2012; Pruim, Mennes, Buitelaar, & Beckmann, 2015; Pruim, Mennes, van Rooij, et al., 2015).
 Third, the first two chapters of this thesis focused on structural and functional connectivity in relation to ADHD, however, both connectivity measures were investigated independently. Further research might look into the link between structural and functional connectivity directly, as this is not yet well understood. The Linked ICA approach might be an interesting way to model both structural and functional connectivity variance within-subjects.
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NEDERLANDSE SAMENVATTING
Attention-Deficit/Hyperactivity Disorder, ADHD in het kort, is een ontwikkelingsstoornis die wordt gekenmerkt door aanhoudende aandachtsproblemen en/of hyperactiviteit en impulsiviteit. Voorbeelden van aandachtsproblemen zijn vergeetachtigheid, gemakkelijk afgeleid zijn en niet lang kunnen concentreren. Hyperactiviteit kan zich uiten in veel praten, rusteloosheid en bewegen/friemelen. Onder impulsief gedrag valt bijvoorbeeld het niet op je beurt kunnen wachten, het storen van anderen en het onderbreken van een vraag om al te antwoorden. De stoornis begint in de kindertijd (voor 12 jaar). Het vertoonde gedrag kan niet worden verklaard door de leeftijd van het kind en de symptomen zorgen voor problemen in het dagelijkse leven (minstens in 2 bereiken: thuis, op school en/of bij sociale contacten).  ADHD is een complexe aandoening en er wordt nog veel onderzoek gedaan naar het verloop en de onderliggende neurobiologische mechanismen. We weten dat er op het groepsniveau veel verschillen zijn tussen de hersenen van mensen met ADHD en zonder ADHD, zowel in de structuur als in het functioneren. Eerder onderzoek toonde ook aan dat ADHD verandert over tijd. ADHD-symptomen nemen gemiddeld gezien af, bij sommigen verminderen de symptomen meer als bij anderen. Een theoretisch model stelt dat omdat ADHD-symptomen al bij jonge kinderen aanwezig zijn, de pathologie mogelijk samenhangt met hersengebieden die al vroeg in het leven ontwikkelen, bijvoorbeeld de hersenstam, subcorticale gebieden en het cerebellum. De abnormaliteiten in deze hersengebieden zouden gedurende de ontwikkeling onveranderd blijven. Verder stelt de theorie dat ADHD-remissie (minder symptomen over tijd) samenhangt met de ontwikkeling van andere hersengebieden tijdens deze periode, bijvoorbeeld de prefrontale cortex en zijn verbindingen met subcorticale gebieden. Individuele verschillen in de ontwikkeling van de prefrontale cortex zouden dus voor verschillen in de afname van ADHD-symptomen zorgen. De vraag die ik in dit proefschrift onderzocht is of het verloop van ADHD 
gereflecteerd is in neurobiologische hersencorrelaten. Bestaand onderzoek toonde aan dat hyperactiviteit/impulsiviteit symptomen al op een jongere leeftijd en meer afnemen dan aandachtsproblemen. Daarom analyseer ik aandachtsproblemen en hyperactiviteit/impulsiviteit als twee aparte assen. Bovendien is het voordeel van dimensionele assen dat er geen arbitraire drempel gekozen moet worden waarbij de persoon dan net wel of net niet ADHD heeft. Tenslotte laat een dimensionele as het toe om verandering die tijdens de ontwikkeling optreden gedetailleerd waar te nemen. Daarnaast gebruik ik ook de traditionelere groepsvergelijking, waarbij een ADHD-groep die remissie vertoont, een ADHD-groep die aanhoudende symptomen heeft en een gezonde controlegroep vergeleken worden.
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 In dit onderzoek werden de data van het IMAGE, NeuroIMAGE en NeuroIMAGE II onderzoek gebruikt. Aan het IMAGE onderzoek namen in Nederland 350 families met een kind met ADHD en 150 gezonde controle families deel, de gemiddelde leeftijd van de kinderen was 11,5 jaar. Informatie van vragenlijsten, genetische data en neuopsychologische testen werd verzameld. Ongeveer 5 jaar later werden de families opnieuw uitgenodigd, de gemiddelde leeftijd was dan 16,5 jaar. Dezelfde informatie werd opnieuw verzameld en er werd nu ook een MRI-scan gemaakt. Nog eens vier jaar later werden de families een derde keer uitgenodigd, de gemiddelde leeftijd was nu 20 jaar. Dezelfde procedure werd gevolgd, er werd deze keer ook weer een MRI-scan gemaakt.
DEEL 1: Is er een verband tussen ADHD-remissie en de connectiviteit 
tussen de frontale en subcorticale gebieden?In het eerste deel van mijn thesis beschrijf ik hoe de veranderingen in ADHD-symptomen samenhangen met de connectiviteitspatronen in de witte en grijze stof van de hersenen. Ik testte of deelnemers met ADHD subcorticale of cerebellaire abnormaliteiten hadden en of ADHD remissie samenhing met het functioneren van frontale gebieden.  Eerst onderzocht ik de witte stof verbindingen. De resultaten toonden aan dat de afname in hyperactiviteit/impulsiviteit samenhing met de corticospinale witte stof verbindingen (die deel zijn van het motorische systeem). Bovendien zagen we geen verschillen tussen de ADHD-groep die remissie vertoonde en de gezonde controlegroep, deze beide groepen verschilden wel van de ADHD-groep die aanhoudende symptomen had. De resultaten waren dus niet congruent met de gestelde hypothese, maar toonden het belang van de verbindingen in het motorische systeem aan in relatie met de afname van hyperactiviteit symptomen.  In het volgende hoofdstuk testte ik of de veranderingen in ADHD-symptomen ook geassocieerd was met connectiviteit van de grijze stof. De grijze stof verbindingen zijn niet zoals de witte stof verbindingen fysisch zichtbaar in de hersenen. We spreken van een functioneel netwerk in de grijze stof wanneer hersengebieden eenzelfde activiteitspatroon vertonen over tijd. Deze functionele netwerken kunnen ook tijdens rustfases (zonder een cognitieve inspanning) herkend worden en kunnen interindividueel gerepliceerd worden. Een van deze netwerken is het executieve functie netwerk, dat bestaat uit gebieden die ook actief zijn als hogere cognitieve functies uitgevoerd worden, bijvoorbeeld de prefrontale cortex. De verandering in hyperactiviteit/impulsiviteit symptomen was gecorreleerd met de sterkte van de verbindingen in het executieve functie netwerk. Bovendien waren er verschillen tussen de ADHD-groep die remissie vertoonde en de gezonde controlegroep, terwijl beide groepen niet verschilden van de groep met de aanhoudende ADHD-symptomen. Dit 
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kan, in lijn met de theorie, mogelijk op een compensatiemechanisme van de prefrontale cortex wijzen in mensen met een afname in ADHD-symptomen over tijd. Ik testte ook de subcorticale en cerebellaire netwerken, deze vertoonden geen groepsverschillen tussen de ADHD-groepen en de gezonde controlegroep in tegenstelling tot wat verwacht was op basis van de theorie. 
DEEL 2: De ontwikkeling van witte stof en ADHD tot jong volwassenheidVoor dit deel van mijn thesis werden de MRI-data van beide metingen gebruikt die ons informatie gaven over de hersenontwikkeling tot in de jonge volwassenheid. Over een periode van 10 jaar is er gemiddeld een afname in ADHD-symptomen. Ik testte of de individuele veranderingen in ADHD-symptomen samenhingen met individuele veranderingen in ontwikkeling van witte stof verbindingen. De resultaten toonden geen verband aan. Bovendien waren er geen verschillen tussen de ADHD-groep die remissie vertoonde, die met aanhoudende symptomen en de gezonde controlegroep. De individuele ontwikkelingspatronen vertoonden grote verschillen tussen de deelnemers, de verschillen die over tijd optraden daarentegen waren klein. Dit kan er mogelijk op wijzen dat witte stof niet de beste modaliteit is om het verband tussen neurobiologische verandering en veranderingen in ADHD-symptomen te onderzoeken.
DEEL 3: De integratie van verschillende MRI-modaliteiten en ADHDIn het laatste deel van mijn thesis, beschrijf ik een complexere analyse waarin ik de analyses van verschillende soorten MRI-scans in één analyse combineer. Deze techniek 
kan onthullen of resultaten die in één modaliteit voorkomen ook gereflecteerd worden in andere modaliteiten. De verschillende modaliteiten die ik gebruik omvatten zes indices die de witte stof en grijze stof omschrijven. De resultaten tonen twee netwerken die in verschillende modaliteiten aanwezig zijn en waarin de ADHD-groep verschilde van de gezonde controlegroep. Deze netwerken waren in meerdere modaliteiten, zowel in witte als in grijze stof abnormaal. Dit wijst mogelijk op een gedeelde onderliggende pathofysiologie van hersenstructuur. De toevoeging van meerdere modaliteiten in één analyse verhoogde de gevoeligheid van de analyse. Bovendien heeft deze analysetechniek als voordeel dat we zeker zijn dat de patronen die we in verschillende hersenscans zien in dezelfde personen voorkomen, hiervan zijn we niet zeker als de scans apart geanalyseerd worden. De multimodale netwerken die met behulp van deze analyse waargenomen zijn, wijzen mogelijk op een gedeelde onderliggende pathofysiologie van verschillende aspecten van hersenstructuur.  Samengevat laat ik in dit proefschrift zien dat ADHD verandert tijdens de ontwikkeling. Deze verandering in ADHD-symptomen hangt samen met de netwerken in de witte en grijze stof. In een volgend hoofdstuk laat ik zien dat de verandering 
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in ADHD-symptomen niet rechtstreeks samenhangt met de ontwikkeling in witte stof verbindingen. Hier is een grote variabiliteit tussen personen, maar niet in personen over tijd te zien. Tenslotte laat ik zien dat de verschillen tussen mensen met ADHD en mensen zonder ADHD in meerdere MRI-modaliteiten voorkomen en deze bovendien dezelfde patronen vertonen. Dit opent veelbelovende mogelijkheden voor onderzoek in de richting van subtypering op basis van neurobiologische maten.
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